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1.0 SUMMARY

1.1 Contract Description

This contract focused on the physics of Coherently Coupled Phase Conjugators
and the feasibility of these devices for inertial sensing. The effort began with a simple
theoretical description of the nondegenerate oscillation in a linear double phase~
conjugate oscillator (DPCO) due to nonreciprocal phase shift, and it could explain the
operation of a linear position sensor and a phase-conjugate gyro. This was followed by
the first experimental observations of oscillation and beat frequency in photorefractive
double phase-conjugate ring oscillator (DPCRO) with nonreciproca! phase shift, using
both the self-pumped and externally pumped phase-conjugate mirrors (PCM'). The
effort culminated with the impressive demonstration and understanding of the frequency
locking behavior of a photorefractive phase-conjugate ring oscillator (PCRO) due to
contradirectional coupling of either a coherent or an incoherent seed beam. A
theoretical study of the nondegenerate oscillations in an externally driven Fabry-Perot
cavity with an intracavity phase-conjugate element was also carried out under this
contract.

1.2 Scientific Problem

Two phase-conjugate mirrors with gain are coherently coupled by the oscilla-

tion that builds up between them. -3

This is called a double phase-conjugate oscillator
(DPCO). DPCO's have many interesting properties that can be used to make sensors.
For example, the frequencies of the counterpropagating oscillations are independent of
the reciprocal optica! path length of the resonator, and depend on the nonreciprocal
optical path length. Since inertial effects produce nonreciprocal phase-shifts, the device
can be used to sense motion with improvement in the frequency locking characteristics
because the two counterpropagating waves support each other and do not compete for
gain.“'5 Under this contract, we studied in great detail the frequency locking behavior
of a photorefractive DPCRO and PCRO both theoretically and experimentally. As a
result of our work, we now have a clearer understanding as to why only coherent
backscattered (or seed) light will cause frequency locking due to competition between
the various gratings, whereas incoherent backscattered light will not affect the
frequency locking behavior. The observation of higher harmonics of the beat frequency

!
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in the photorefractive PCRO has been accounted for theoretically, and the experimental
results are in good agreement with theory. In addition, we theoretically examined the
nondegenerate oscillations in an externally driven Fabry-Perot cavity with an intracavity
phase-conjugate element under this contract .

1.3 Progress Summary

Many areas of significant progress achieved under this contract are directly
related to coherently coupled phase conjugators and their applications to inertial
sensing. These include:

. Formulation of a simple theory for nondegenerate oscillation in DPCO that
explains the operation of a linear position sensor and a phase-conjugate gyro.

. First experimental observation of oscillation in a self-pumped DPCRO.

. First experimental observation of oscillation in an externally pumped DPCRO.

. First experimental measurement of the beat frequency due to a nonreciprocal

phase shift in an externally pumped DPCRO.

. First experimental study of the effects of incoherent contradirectional
coupling on the beat frequency of an externally pumped DPCRO.

. First theoretical modeling of frequency locking due to a coherent seed beam in
a photorefractive PCRO with nonreciprocal phase shift.

. First experimental measurements of frequency locking due to coherent seeding
in a photorefractive PCRO with nonreciprocal phase shift.

» Theoretical formulation of the nondegeneraie oscillations in an externally
driven Fabry-Perot cavity with an intracavity phase -coningate element.

Details of this progress are presented in Section 2.0, and in the publications included in
this report as Appendices.

14 Publications and Presentations

i, M.J. Rosker, R. Saxena, and l. McMichael, "Measurement of Frequency
Locking in Externally Seeded Phase-Conjugate Ring Gyroscopes," submitted to
Opt. Lett.
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2.0 PROGRESS

2.1 Theory of Nondegenerate Qscillation in a DPCO

Consider the linear oscillator formed by two phase-conjugate mirrors PCM a
and PCM b as shown in Fig. 1. The roundtrip phase condition is given by,

45~ ¢y * Bu L/c+ ¢y = 20 (1)

where ¢a and ¢, are the phase shifts for reflection from the phase conjugate mirrors a
and b respectively, dw = w} - wy is the frequency splitting between the counterpropagating
oscillations (note, if w; = wp + Bw/2, where ug is the pump wave frequency for the phase-
conjugate mirrors, then wy = wg - 8u/2), L is the length of the resonator, and ¢, is the
roundtrip nonreciprocal phase shift in the resonator. To gain some insight into how the
phase condition determines the frequencies of oscillation, we make three simplifying
assumptions. First we assume the case of weak coupling for which the phase of the phase

conjugate reflection is given byc”7

030 om0y v 2/2v 0,50 00 (2)

where ¢, and ¢, are the phases of the pumping waves, ¢, is the phase of the incident
wave, 4,, is the phase of the complex change in index, and % is the phase shift of the
grating with respect to the intensity pattern. Second, we assume that the {requency
shift is small so that g " Ogo*Au 1/2, where %0 is the phase shift of the grating in the
absence o. any frequency shift, and t is the response time of the phase-conjugate
mirror. Third, we assume the phase-conjugate mirrors are identical, or the same, so that
®3 " Oy = 0g " dpy t bu . Substituting into Eq. (1) we obtain the frequency splitting of
the zeroth ordér counterpropagating modes,

dw s ap /(v « L/C) (3)
Equation (3) shows that the beat frequency is directly proportional to the nonreciprocal

phase shift in the DPLCO, the constant of proportionality being inversely proportional to
the response time of the PCM and the cavity round trip time.

b
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PCM 2 PCM b

Fig. 1  Double phase-conjugate oscillator (DPCO) formed by two phase-conjugate
mirrors PCM, and PCM,,.

2.2 Observation of Beat Frequency in a Sel{-Pumped DPCRO

The experimental setup of our self-pumped DPCRO is shown in Fig. 2. Light
from an argon laser is incident on a BaTiOy crystal to form a self-pumped “cat®
conjugator.8 The ring resonator is then formed by mirrors M1-M3 and the crystal.
Greater than unity phase-conjugate reflectivity via four-wave mixing in the crystal (the
incident light from the laser and its conjugate reflection provide the counterpropagating
pump waves) is the gain source for the bidirectional oscillations. The outputs from Ml
were combined and beat on detector D. As predicted by Eq. (3), in the absence of any
nonreciprocal phase shilt, the frequencies of the bidirectional oscillations are very nearly
degenerate, and we measured a beat frequency - 102 Hz. When a Faraday cell was
placed in the oscillator to produce a nonreciprocal phase shift, the bidirectional
oscillations became nondegenerate, and we measured a beat frequency - 0.2 Hz. The
Qualitative dependence of the f{ringe motion at detector D on the magnitude and
direction of the magnetic tield applied to the Faraday cell agrees with the theory.

2.3 Observation of Beat Frequency in an Externally Pumped DPCRO

Using the experimental setup shown in Fig. 3, we demonstrated the ability of
the double phase-conjugate ring osCillator to sense noareCiprocal intracavity phase shifts,
and investigated the feasibility of using the oscillator as a rotation sensor. Laight from an
argon ion laser with the intracavity etalon removed is split by BS! into two pump beams
that are then directed into 3 BaTi0y crystal by mirrors M1-MJ) as shown. Greater than
unity phase-conjugate reflectivity via four-wave mixing in the crystal 1s the gain source
for the bidirectional osciliations in the ring {ormed by the PCM and mirrors Me-Mé. The

6
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ol

FARADAY
CELL

LASER

BaTiO3

Al4
M3

M2
Fig. 2 Experimental setup of the sel{-pumped DPCRO.

Faraday cell in the osci’ictor is used to produce a nonreciprocal phase shift, as would be
produced by the Sagnac effect if the cavity were rotated. When a nonreciprocal phase
shift is inside the ring cavity, the Counterpropagating beams no longer have the same
frequency, and a beal frequency propartional to the nonreciprocal phase shift can be
detected in the combined outputs at BS2. We measured & beat frequency - 19°3 Hz in the
absence of any norseciprocal phase shift, and a beat frequency - 0.2 Hz was measured in
its presence. Also, the beal frequency had the expected hnear dependence on the non-
reciprocal phase shift induced by the Faraday rotator inde the ring osCillator, as shown
in Fig. 4. In this plot the nonreciprocal phase shaft (¢} has been expressed i terms of
the bias f{requency (av) that the Faraday rotator would introduce between the

counterpropagating bears of a standard ring laser gyro. Due 10 the slow response of the
BaTiOy crystal the sensitivily of the ring osciliator is scaled down by a factor of LNcy),
where L is the perimeter and length of the ring resonator and t 1t the response Lime of
the photorefractive PCM.

7
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M5

Al4

Faraday
Celi

Al4 S

M6
o [

BS2 ‘

[=

Fig. 3 Experimental arrangement used to examine the beat frequency in an externally
pumped DPCRO.

Beat Frequency Av (Hz)

Bias Frequency Difference (MHz)

Fig. 4  Beat frequency between the counterpropagating oscillations as a function of
bias frequency introduced by the Faraday rotator.

2.4 Frequency Locking in a Ring Phase-Conjugate Gyro

The rotation sensing ability of a conventional ring laser gyroscope is limited by
the onset of frequency locking (zero beat frequency) at low rotation rates, This happens
due to coupling of the otherwise independent counterpropagating laser oscillations by
backscattering from, for example, the mirror surfaces and gain medium.” A ring

8
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resonator containing a phase conjugate mirror with gain can also act as an optical

gyroscope, with improved locking characteristics.“’5

We have studied the frequency
locking behavior of a ring phase conjugate optical gyroscope both theoretically and
experimentally. The phase-conjugate mirror is a photorefractive crysta! that phase
conjugates an input beam via four-wave mixing.10 The dynamics of beam coupling in the
medium are described by the coupled-wave equations for the beam amplitudes, and an
equation for the temporal buildup of the photorefractive grating. We use boundary
conditions appropriate for a ring cavity with nonreciprocal phase shift, and use nonzero
values for a weak seed beam at pump frequency, injected into the oscillator along the

same direction as the phase conjugate output.

The frequency difference between the counterpropagating waves is studied as
a function of the seed intensity and the nonreciprocal phase shift using the experimental
geometry shown in Fig. 5. The experimentally observed behavior of the beat frequency
- with time at 20° nonreciprocal phase shift and for various seed powers is shown in
Fig. 6. In each case, seed light was first introduced into the cavity at time t = 0. At the
lowest injection levels, the beat behavior was sinusoidal and was almost indistinguishable
from the no seed case. As the seed level was inr . ised, significant deviation from
simple sinusoidal behavior was seen. As the the s.:d level was further increased,
complete frequency locking of the oscillator was observed at :ormalized seed level of
2x 10‘3, as evidenced by the lack of fringe motion shown in Fig. 6.

In Fig. 7, we plot the beat signal I(t_) as a function of normalized time t at
various seed levels e, keeping the other parameters fixed at the following values: the
coupling strength yl is equal to 2, the product of the mirror reflectivities in the ring
(= rlz r22 z R) is 0.25 and the one-way nonreciprocal phase shift is 20°, For the case of
no seed (we take e = 10712 for a self-starting process initiated by, say, quantum noise),
the grating takes some time to establish itself, and in this time the beat signal is
essentially due to the pump beam so that I(tn) = 1, Once a moving grating is built up in
the presence of the nonreciprocal phase shift in the ring, a sinusoidal oscillatory behavior
is obtained in the beat signal with a well-defined beat frequency (equal to 0.044 Hz) at
steady-state. We assume a photorefractive response time of 1 sec for the BaTiO,
crystal, which is appropriate for the pump intensity used in the experiment. As we

. further increase the seed level, the instantaneous beat signal still exhibits a periodic
behavior, with an average beat frequency slightly less than the negligible seed case. The

9
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= 5145 A
] ® A =5145 |

Signal (arb)

-50 0 50 100 150 200 250
Time (sec)

Fig. 6  Beat frequency as a function of time for the case of coherent seed injection
and 20° nonreciprocal phase shift. The injected seed power normalized by the
pump power was: (a) 0, (b)2x 107, (c) 7x107%, (d) 1.2x 1073, and

(e) 2.0 x 1073, In each case, the seed light was first introduced into the cavity
at time t = 0,

10
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Fig. 7 Theoretical plot of beat signals as a function of time for various seed levels.

turn-on time of the oscillatory behavior in the beat signal is faster with larger seeds,
with small departures from the perfectly sinusoidal shape. Both the period of oscillations
and their shape depend on the seed level intensity. At still higher seed levels, the beat
signal shows a sharp, asymmetric behavior, indicating that higher harmonics of beat
frequency are now present in the signal. At seed levels of 2 x 10'3 of the input pump
intensity, the zero beat frequency at steady-state shows that frequency locking has
occurred. The experimental results are in qualitative agreement with theory.

25 Theory of Phase Conjugate Oscillators with Nondegenerate Operation

Optical resonators containing a phase-conjugate element have been of great
interest during the last decade. For correction of intracavity aberration, the phase-
conjugate element is used as an end mirror of the optical resonator. Oscillation is
possible even without the conventional gain medium because of the parametric gain
provided by the phase-conjugate mirror at the expense of its pumping beams. We have
developed a theory for nondegenerate oscillations in a linear optical resonator with an
intracavity phase conjugate element (Fig. 8). The phase-conjugate element consists of a
nonlinear transparent medium that is pumped externally by a pair of counterpropagating
laser beams of the same frequency w and intensity, A weak signal beam of slightly
different frequency w+é is injected into the resonator along its axis. We calculate the
two reflection coefficients at the input mirror: one due to phase conjugation at

1
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frequency w-8; and the other due to coherent reflections from the second mirror at
frequency w+§. Similarly, we calculate the two transmission coefficients at the output
mirror corresponding to the two waves at w+é and w-8 in the resonator. For the special
case of no conventional mirrors, the phase-conjugate oscillator reduces to a phase-
conjugate mirror, and our general formulation vyields the results of previous
studies. | 1112 Nondegenerate oscillation is now possible in the presence of large linear
gain or loss in the medium (Fig. 9).

§$C-0368 TS

PUMP

BEAM (o) y
E, (m+81 (m+5)‘ {0+ S)l Gy (0 +9)
E,(0-8) [/ (0-5 | NONLINEARMEDIUM " g
Ei (0) + 5) ((D + 8) g )] ((1) + 5) s .

{w-98) 3 (©-9)
7 2=0 / PUMP  Z=Q
CONVENTIONAL BEAM (w) CONVENTIONAL
MIRROR 1 MIRROR 2
Z=-a Z=%+b

Fig. 8  Basic geometry of linear phase-conjugate oscillator using nearly degenerate
four-wave mixing. In this case, the incident probe wave, whose frequenc
w t § is slightly detuned from that of the pump waves (both at frequency w),
will result in a conjugate wave with an inverted frequency shift w 3 &, g is the
linear gain coefficient,
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Fig. 9  Phase-conjugate power reflectivity Rp (solid curve) and coherent-power trans-
missivity T (dashed curve) versus normalized wavelength detuning v for

gl = 4.32152, «'1 = 0.13281.
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ABSTRACT

Frequency locking in a photorefractive phase-conjugate ring oscillator (PCRO) was
studied. For a seed beam coherent with the pump, frequency locking of the oscillator was
observed, but only at feedback levels two orders of magnitude greater than that required for
locking of a conventional ring laser gyroscope. At lower seed levels, higher harmonics of
the beat frequency were observed. No evidence of locking was found for a seed incoherent

with respect to the pump.
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The first proposal for incorporating a four-wave mixing element into a rotational
sensing device was made by Diels and McMichael,! who predicted that phase-conjugate
coupling in a ring laser gyroscope would allow for the use of homogencously broadened
gain media and would lead to substantial reduction in the locking threshold. This
theoretical result was confirmed by other workers.2 In these studies, the four-wave mixing
clement was a transparent Kerr medium with instantaneous response, so that the dynamics
of the fields in the ring was determined by the cavity round-trip time. For photorefractive
phase-conjugate gyroscopes, however, the dynamics is affected by the slow speed of the
material. In the first such study, the phase-conjugate ring oscillator (PCRO) was formed
by a photorefractive crystal and two appropriately oriented, highly reflective mirrors. 34,
Later studies verified that the device acts as a phase-conjugate optical gyroscopc.“’ i.c., the
frequencies of the counterpropagating oscillations depend on the nonreciprocal, but not the
reciprocal, optical path length of the resonator. The phase-conjugate nature of the
counterpropagating waves in the ring eliminate the dependence on reciprocal phase shifts
ansing from thermal or mechanical effects.

Despite the interest in the photorefractive phase-conjugate ning oscillator, a number
of issucs remain unexplored. For example, frequency locking has not been considered,
cither theoretically or experimentally. The only previous study of the effects of injection of
seed light into a photorefractive PCRO was performed by Krélikowski et al.? who applied
a strong clectnic field to the photorefractive medium, a strontium barium niobate erystal, in
order to shift the free-oscillation frequency from the pump frequency. A coherent seed
beam at pump frequency was introduced in the oscillator in a direction counterpropagating
to the pump beam. For sced/pump intensity ratios on the order of 103, the time behavior
on the output intensity from the oscillator was in some instances observed to exhibit strong,
non-sinusoidal oscillations. However, in other cases the intensity varied erratically,

suggesting chaotic behavior.
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We have performed an investigation of the frequency locking characteristics of a
photorefractive PCRO using the experimental arrangement shown in Fig. 1. The oscillator
was pumped by S mW of p-polarized light from a CW Ar* laser at 514.5 nm. The Ar*
laser, which had a coherence length of ~ 5 cm, was scparated from the experiment by a
Faraday isolator. The BaTiO3 crystal was 6.5 mm in length and was oriented with its +¢
axis at approximately a 60° angle to the pump beam. The resonator was formed by the
crystal and two high reflective mirrors and was determined by a pair of ~ 1 mm diameter
apertures. The angle formed by the input and output pump beams was approximately 28°.
One of the misrars in the ring was 5% transmissive to provide for output coupling, which
allowed for a simple way to inject the seed (through the photorefractive crystal). The cavity
had an overall length of L. = 90 cm and enclosed an area of A = 300 cm2. A non-reciprocal
phase shift simulating that induced by the Sagnac effect was generated with a pair of A/4
retardation plates and a Faraday rotator. The rotation angle was coatinuously tunable by
translation of the Faraday crystal in the magnetic field. Before each data set, this rotation
angle was measured in situ.

The seed light was produced via mutually pumped phase conjugation (MPPC) in a
bird-wing <:oujs,tgau>t.8 MPPC was utilized to insure that the seed was collincarly aligned
with the oscillation beam. Because the ratio of the seed to the pump was so small, this
alignment would have been extremely difficult to achieve had a simple mirror been used in
place of the conjugator. A fraction of the pump beam was split off to provide one input for
the bird-wing conjugator, while the uther input was the pump output from the phase
conjugate oscillator. The MPPC ¢rystal was also BaTiO3 and had a length of S.8 mm. To
oplimize the phase conjugate reflectivity, the input beams were loosely focused into the

MPPC crystal. A pair of matched, vasiable ncutral deasity filters was used to controlled the
secd injection power (i.c., the relevant phase conjugate retura from the MPPC crystal)

while keeping the ratio of the input intensities to the MPPC crysul ncarly constant.
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An optical delay line was used to control the mutual coherence of the pump and the
sced light. For those experiments where the seed and pump were intended to be
incoherent, the delay line was adjusted by roughly 30 cm, a distance longer than the
coherence length ¢ € the pump source but shorter than the cavity length L.

The bea: frequency between the pump and the phase conjugate wave which builds
in the oscillator in the presence of a nonreciprocal phase shift was measured by overlapping
the two counterpropagating directions (with appropriate relative delay) onto two
photodiodes. The photodiodes were positioned 90° out of phase with one another so that
the direction of the fringe motion could be inferred. A third photodiode monitored the
intensity level in the phase conjugate direction, while a fourth was used to measure the
injected seed power.

As an initial check, the seed arm was blocked and the beat frequency was measured
as a function of the applied non-reciprocal phase shift. The expected lincar dependence
was observed over a wide range of range of non-reciprocal phase shifts. “Dancing modes™
behavior® was not a limitation, although for large applicd phase shifts we did (in a few
instances) observe an abrupt change in the mode pattern, phase conjugate efficiency, and
beat frequency. The null shift, which is the beat frequency measured for no applied noa-
reciprocal phase shift, was observed to be small and fairly repeatable. We atribute our
differences from Ref. (6] to the fact that our resonator was physically larger and more well-
defined (by the two apertures) and because we did not tightly focus into the photorefractive
crystal.

Beat frequency measurements were made with a variable amourt of sced light
which was coherent with respect to the pump source. Data was collected by sreasuring the
frequency shift between the counterpropagating directions at different seed injection levels
at cach of several non-reciprocal phase shifts. Typical raw results obtained at onc particular
noa-reciprocal phase shift level are shown in Fig 2. At the lowe: | injection levels, the beat
signal was sinusoida! and was almest indistinguishable from ¢! ¢ ao sced case. However,
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. seen. This behavior resembies that reported in Ref. {7] for the phase-conjugate intensity;
however, our data was apparently much more reproducible. The phase-conjugate

: reflectivity was observed to oscillate similarly. As the the seed level was further increased,
complete frequency locking of the oscillator was observed. To verify that locking had
occurred, data was collected for hours; the motion of the fringe vatterns over these periods
was slow and erratic and was attributed 10 thermal drift of the interferometer.

For no seed, the power spectrum of the data consisted of a single peak at the beat
frequency. As the seed level was increased, a series of additional spikes was observed at
frequencies which were integer multiples of that of the strongest peak, with amplitudes that
displayed a power law dependence with harmonic number (Fig. 3). As the seed level was
increased, the slope of this fit decreased. Locking occurred abruptly after this coefficient
dropped below about 10 dB/hammonic.

We also measured the dependence of the beat frequency on seed level for several
fixed non-reciprocal phase shifts. The beat frequency was essentially unaffected by a weak
seed, but then dropped gradually to zero (locking) as the seed level was increased (Fig. 4).
As expected, the locking threshold became greater as the non-reciprocal phase shift

Direct comnpanson of these results with that of a conventional ring laser gyroscope
(RLG) is complicated by the unfavorable scale factor of the PCRO, which results from the
long time constant of the photorefractive erystal. From Fig. 4, a 5° applied non-reciprocal
phase shift (in cach direction) was shown to lock for seed levels of R - 3110 Giver the
arca subtended by this particular gyroscope, this phase shift is equivalent to that produced
via the Sagnac effect with an 2 = 36 rad/sec rate of rowstion. A conventional gyroscope

would be expected to lock according to the relation:
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E§n A 1)

where € is the locking frequency, r is the amplitude scatter coefficient, and A is the area
enclosed by the cavity.9 Taking Qj = 36 rad/sec, a similar RLG would therefore lock for
with a scatter reflectivity R = 1112 23 x 10-2. The PCRO was therefore measured to have
a locking threshold two orders of magnitude smaller than that of the RLG.10

These experiment were repeated using a seed beam which was incoherent with
respect to the pump light to test the sensitivity of the gyroscope to scattering from cavity
elements more than one coherence length away from the phase-conjugate crystal, e.g., the
cavity mirrors and the Faraday rotator apparatus. No difference in the fringe pattern
whatsoever was observed compared to the no-seed case, even for relative seed powers as
high as ~3 x 10-3, an order of magnitude greater power than that at which locking was
observed for the coherent seed case. However, the phase-conjugate intensity displayed
erratic transient behavior reminiscent of that observed in Ref. [7].

In conclusion, we have observed frequency locking behavior in a photorefractive
phase-conjugate ring oscillator when a weak seed, coherent with respect to the pump, is
injected into the oscillator. Locking thresholds were found to be significantly more
favorable than those expected for a similar conventional RLG. For intermediate power
levels, the beat signal displayed curious harmonic structure. This behavior provides insight
into the locking mechanism for the PCRO, which we believe tc be related to the
development of competing gratings in the phase conjugate crystal.11 The PCRO was
determined to be relatively insensitive to incoherent optical feedback.

This work was sponsored by Air Force Office of Scientific Research, contract No.

F49620-88-C-0023.
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FIGURE CAPTIONS

Fig. 1: The experimental schematic. Key: ND = neutral density filter, L. = lens, PH =
pinhole, PD = photodiode, FC = Faraday crystal, A/4 = quarter wave retardation plate,
ODL = optical delay line. The ODL determines the relative coherence of the pump and seed
beams.

Fig. 2: Beat signal as a function of time for the case of coherent seed injection. The
injected seed power normalized by the pump power was: (a) 0, (b) 2 x 104, (c) 7 x 104,
(d) 1.2 x 103, and (e) 2.0 x 10-3. In each case, the seed light was first introduced into the
cavity at approximately time t = 0.

Fig. 3: A typical power spectrum for the coherent seed experiment. The dashed line
represents a fit of the peak maxima to a straight line, with a slope of -18.5 dB/harmonic.
Fig. 4: Beat frequency vs. seed level for several values of non-reciprocal phase shift. The
beat frequency was taken to be the value of the lowest frequency harmonic of the power

spectrum. The solid lines are guides to the eye.
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ABSTRACT

The frequencies of the counterpropagating waves in a photorefractive phase-
conjugate ring oscillator depend on the nonreciprocal optical path length. We examine the
frequency locking behavior when a weak seed beam is injected into the oscillator. For a
given coupling strength and mirror reflectivity, the noareciprocal phase shift at which
locking occurs is directly proportional to the field strength of the coherent seed beam.

Higher harmonics of the beat frequency occur at sced levels close to locking and are

accounted for qualitatively.
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1. INTRODUCTION

The optical gyroscope is now established as a practical device for rotation
sensing.[Chow, 1985 #463],[Anderson, 1986 #459] The two principal configurations are
the ring laser gyroscope and the fiber optic gyroscope. Although these devices are compact
and exhibit impressive performance, a number of practical problems remain. A primary
limitation for conventional ring laser gyroscopes is frequency locking behavior, wherein
weak backscattering couples together the counterpropagating laser oscillations. At low
rotation rates, the beat frequency disappears and there is a strong imbalance between the
amplitudes of the counterpropagating waves.[Kiihlke, 1979 #535] For this reason,
homogeneously broadened gain media cannot be used in the ring due to strong coupling of
the counterpropagating waves in the gain media. At present, the primary limitation
associated with fiber optic gyroscopes is caused by non-reciprocal phase shifts in the
fiber.[Bergh, 1984 #464],[Kersey, 1989 #465] Mechanisms involved include Faraday
rotation, the Kerr effect, and polarization mode coupling.

The first proposal for incorporating a four-wave mixing clement into a rotational
sensing device was made by Diels and McMichael in 1981 [Diels, 1981 #451] It was
predicted that phase-conjugate coupling in a ring laser gyro would allow for the use of
homogencously broadened gain media and would lead to substantial reduction in the
locking threshold. This theoretical result was confirmed by other workers {Yeh, 1983
#448]. In these studics, the four-wave mixing element was a transparent Kerr medium
with instantancous response, so that the dynamics of the fields in the nng was determuned
by the cavity round-tnp time. For photorefractive phase-conjugite gyroscopes, we expect
the dynamics to be affected by the slow speed of the material. In the first such study, the
phase-conjugate ning oscillator (PCRO) was formed by a photorefractive crystal and two
appropnately oniented, highly reflective mirrors [Cronin-Golomb, 1983 #462], [Cronin-
Golomb, 1984 #100). Later studics verified that the device acts as a phase-conjugate

3
C11264DD/ejw




’l Rockwell International

Science Center
optical gyroscope [Fischer, 1985 #447], (Jiang, 1987 #467), i.c., the frequencies of the
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' counterpropagating waves depend on the nonreciprocal, but not the reciprocal, optical path
length of the resonator. The phase-conjugate nature of the counterpropagating waves in the
ring eliminate the dependence on reciprocal phase shifts arising from thermal or mechanical
effects.

Photorefractive phase-conjugate fiber-optic gyros using the interferometer
configuration have also been demonstrated.[Yeh, 1986 #396] The sensing fibers can be
longer than the coherence length of the laser for the self-pumped phase-conjugate fiber-
optic gyro.[McMichael, 1986 #458] Multimode fibers can also be used in the gyro if the
polarization is preserved during phase conjugation.{[McMichael, 1987 #540]

Despite the interest in the photorefractive phase-conjugate ring oscillator, a number
of issues remain unexplored. For example, frequency locking has not been considered
theoretically or experimentally. Furthermore, the theoretical work done to date was in the
steady-state, and no attempt has been made to force the phase of the oscillations via external
seeding. The only previous study of the effects of injection of seed light into a
photorefractive PCRO was performed by Krélikowski et al.[Krélikowski, 1990 #453] In
their work, a strong electric field was applied to the photorefractive medium, a strontium
barium niobate crystal, in order to shift the frec-oscillation frequency from the purnp
frequency. A coherent seed beam at pump frequency was introduced in the oscillator in a
direction counterpropagating to the pump beam. For seed/pump ratios on the order of 1073,
the time behavior on the output intensity from the oscillator was in some instances observed
to exhibit strong, non-sinusoidal oscillations. However, in other cases the intensity varied
emratically, suggesting chaotic behavior.

We describe our investigation of the frequency locking characteristics for the
photorefractive PCRO. A preliminary account of some of our experimental results was
reported carlier [M. J. Rosker et al., 1991] A weak sced beam is injected into the oscillator
in the direction counterpropagating to the pump beam. The injected signal has the same

32
C11264DD/e)w




‘l Rockwell International
SC5538.FR Science Center

frequency as the pump beam, and may be coherent or incoherent with the pump field to
simulate scatter attributed to the phase conjugate and conventional mirrors, respectively.
The beat frequency between the counterpropagating waves is studied as a function of the
the non-reciprocal phase shift for various values of seeding level, coupling strength or
losses in the ring. The experimental results are shown to be in good agreement with

theory.

2. THEORY

2.1 Formulation

The geometry for the nonlinear interaction responsible for PCRO is shown in Fig.
1, where we have used the notation introduced in Refs. [Cronin-Golomb, 1983
#462},{Cronin-Golomb, 1984 #100],[Fischer, 1985 #447],[Jiang, 1987 #467] for the
various beams. A pump beam at frequency  (labelled as beam 2 in figure 1) is incident on
a photorefractive crystal. Light transmitted through the crystal is directed into a ring by
mirrors 1, and ry and returns to the crystal as beam 4. At large coupling strengths, an
oscillation beam is self-generated in the photorefractive crystal (labelled as beam 3 in figure
1) in a direction counterpropagating to the pump beam, and the transmitied beam 3 is
directed back to the crystal as beam 1 by the mirrors of the ring oscillator. Since the
scattered light is coherent with the pump beam, a ransmission index grating is induced by
the interference of these two beams. The c-axis of the crystal is oniented so that beam 3 is

amplified by two-beam coupling from the pump beam 2. Similarly, beams 1 and 4, which

have the same optical path in the ring, create a wansmission grating with the same
wavevector, with amplification of beam 1 from beam 4 by two-beam coupling. Reflection
gratings are climinated by using a laser with short coherence length, The extmally seeded
case i3 described by nonzero amplitude of beam 3 at the 2 = | plane of the photorefractive

crystal. The dynamic coupling of the four waves in photorefractive media is described by
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the four-wave mixing (FWM) equations for the complex beam amplitudes, accompanied by
an equation describing the time evolution of the index grating:{Cronin-Golomb, 1984

#100}]

%%=—GIA2
*
e e-aia
gg+o= -E;(A‘AZ+&A3) : (1)

In Eqgs. (1), z, is the distance normalized with respect to the interaction length |, the 2-axis
is taken normal to the surface of the medium, t, is the time normalized by the
photorefractive response time, t, G is the complex amplitude of the photorefractive

grating, and A, is the complex electric field amplitude of the m th beam. 1y is the total light

4
intensity equal to 2 b\wlz and Y is the complex amplitude coupling constant that is equal to

m=]

LR
0 - Here n, is the amplitude and ¢ is the phase of the photorefractive index change.

2¢ cosB

0 is the angle made by the beams with the 2 axis. In this paper, we consider charge
transport by diffusion oaly, so that ¢ = 90°, and yis a real, positive quantity.  Note that if
we put the time denivative equal to zero in the grating equation and substitute the steady-
state grating amplitude in the couped wave equations, then we recover the familiar FWM

equations for steady-staie, [Croain-Golomb, 1984 #100)with ¥ replaced by - ¥.
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The first four equations describe the diffraction of the beams off a photorefractive
grating whose evolation with time is given by the last equation of (1). The time derivatives
in the field equations have been ignored because the cavity round trip time is of the order of
a few nanoseconds. This is much smaller than the response time of the photorefractive
medium, which is ~ 1 sec in BaTiOy for moderate laser power. Hence a2 quasi-stationary
grating diffracts the waves, and the optical waves follow the temporal evolution of the
photorefractive grating adiabatically.[Krélikowski, 1990 #460] The time dependence of
two-wave mixing [Solymar, 1984 #412],[Cronin-Golomb, 1987 #354],[Vachss, 'l 990
#541] and four-wave mixing [Krélikowski, 1990 #460], [Bledowski, 1989 #472] in
photorefractive media has been studied before. Its application to optical resonators with

external feedback and an injected signal {Weiss, 1989 #542][Lininger, 1990 #543] has

been examined in ring resonators with two-wave mixing gain only.

We now consider the introduction of a noareciprocal phase shift equal to Qg / 2 for
single pass round the ring cavity. In the absence of the seed beam, the self-generated
oscillation beam will have a frequency different from that of the pump beam. For large
coupling strength 1l and small noareciprocal phase shift ¢y, the frequency difference §
between the pump and the oscillation beam is lincarly proportional to the noareciprocal
phase shift Qyp.[Fischer, 1985 #447][Jiang, 1987 #467] For a seeded PCRO, two index
gratings grow initially: oae is the usual moving grating at frequency 8 induced by the pump
and the self-oscillation beam and ¢ additional grating is the stationary grating induced by
the pump and the coherent seed bearn, since both fields are at frequency w. Readout of the
stationary grating by the self-oscillation beam, and the moving grating by the seed beam,
will generate aew flelds at frequencices @ + § and @ - § respectively in the direction of the
pump beam.  Funther interference between the newly gencrated field at o - 8 and the self-
oscillation beam at @ + 8 will induce a grating at 28 and o on. Since the higher hannonics
are determined by higher orders of the diffraction efficiency of the grating, a quantity that is
always less than unity, the power of the vanious harmonics is expected 1o decrease with
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incoherent with the pump beam, there is only a single moving grating induced by the
interference of the pump beam with the self-oscillation beam. Each wave diffracts into the
other direction with the right amount of Doppler shift, so that no new waves are generated
by readout; hence in this case, there is only one fundamental beat frequency in the PCRO.
The number of grating harmonics actually generated in the seeded PCRO will depend on
the level of seeding and the nonreciprocal phase shift present in the ring.

In order to account for the optical waves at frequencies @ + nd in either direction,
where n=0,+ 1, +2,... and 8 ~ 1 Hz for photorefractive crystals, we recall that in
deriving Egs. (1), the fast time dependence of the complex wave amplitudes Aj at the
optical frequency ® was already factored out. Due to buildup of the complex
photorefractive index grating, the wave amplitudes are now slowly varying with time, thus

allowing for the possibility of each wave in a given direction to be a superposition of plane

waves at frequencies ditfering by multiples of d:

E (rt) = % A (z) el®mT=OU) [ 4oy A8, 14 cc.

Az, 1) ellmT=00) 4 oo m=1tw04 ()

N

where we have assumed that the wave vectors for the various harmonics are the same for a
given wave. This approximation is valid since & is of the order of a few Hz in
photorefractive crystals, and the power of the various harmonics rapidly falls with
increasing harmonic number.

We start with the boundary conditions of zero grating present initially, so .hat the
pump field (normalized to unity) and the small seed value € assumed for the seed intensity

are uniform throughout the crystal:
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G(z,,t,=0)=0
Az, =1,1)=1
As(z, = 1-%)=‘j5—
Ay(z,=0,1,=0) =11, ONR2 e
Ayz,=0,1,=0) =11, e ¥NR? | 3)

Here, 1; is the amplitude reflection coefficient of the ith mirror in the ring and we have
neglected the cavity-induced nonreciprocal phase shifts equal to (n 8L ) / ¢, where L is the
optical path length in the ring cavity. With 90 cm as a typical value of L in the experiments,
& of the order of a few Hertz and only a few harmonics contributing to the process (no
more than 8 harmonics were observed experimentally) , the corresponding phase shift is
indeed small. When specifying the initial value of the time variable for fields 1 and 4, we
have ignored the time taken by beams 3 and 2 to propagate round the ring cavity and return
to the photorefractive crystal, so that on the photorefractive time-scale, the transmitted
beams return instantaneously to the crystal.[Lininger, 1990 #543] As the grating builds up
at subsequent times, the transmitted intensity of the pump and seed beams will change with
time due to diffraction of one beam in the direction of the other. Hence the boundary

conditions for fields 1 and 4 become time-varying:

Ay(zy = 0, 1) = rrp €ONR Ag(z, = 0,1,)

Az, =0,1,) =11, €ONRZ Ax(z, =0, 1) : @)

We directly integrate the five nonlinear, coupled equations (1) numerically, following the
procedure used in Refs. [Krélikowski, 1990 #460]. Due to the form of these equations,
the spatial and temporal integrations can be separated; the FWM equations can be regarded

as diffraction of waves by a quasi-stationary grating, so that only spatial integration is
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required of these equations, while the grating equation involves temporal integration at each
point in space. Furthermore, the four coupled optical wave equations can be divided into
two sets of coupled equations, one for beam pair A; and Ay, and the other for beams A,
and A5.[Krélikowski, 1990 #460] The first set satisfies boundary conditions at z,= 0,
while the second set satisfies boundary conditions at z, = 1. Hence for a known grating
amplitude at an instant of time t,, we may solve each set of coupled differential equations as
an initial value problem. Thus, the problem of solving coupled differential equations with
two-point boundary values is avoided. From the boundary conditions (3), there is no
initial grating, so that the fields are uniform throughout the medium. Substituting the
uniform fields in the grating equation, we calculate the new local grating at a small
increment of time At,. From the first four equations of (1), the new grating causes an
energy exchange between the waves, which in turn modifies the interference pattern that
- drives the grating, and so on until a steady-state is reached in time. In the experiment

described in Section 3, the beat signal is obtained by combining the counterpropagating
fields A, and A, from the ring:

I(t) = 1 Ay(z,=0,t,) + Ay(z, =0,1,) 12 (5)

We will now present some numerical plots of the beat signal and examine the conditions for

frequency locking.

2.2 Numerical Simulations

In Fig. 2, we plot the beat signal I(t,) as a function of normalized time t, at various
seed levels €, keeping the other parameters fixed at the following values: the coupling
strength Y1 is equal to 2, the product of the mirror reflectivities in the ring (= 1,2 1,2 =R) is
0.25 and the one-way nonreciprocal phase shift ( = ¢yg /2 ) is 20°. For the case of no

seed ( we take € = 102 for a self-starting process initiated by, say, quantum noise), the
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grating takes some time to establish itself, and in this time the beat signal is essentially due
to the pump beam so that I(t;) = 1. Once a moving grating is built up in the presence of the
nonreciprocal phase shift in the ring, a sinusoidal oscillatory behavior is obtained in the
beat signal with a well defined beat frequency (equal to 0.044 Hz) at steady-state. We
assume a photorefractive response time of 1 sec for the BaTiO; crystal, which is
appropriate for the pump intensity used in the experiment. As we further increase the seed
level, the instantaneous beat signal still exhibits a periodic behavior, with an average beat
frequency slightly less than the zero seed case. The turn-on time of the oscillatory behavior
in the beat signal is faster with larger seeds, with small departures from the perfectly
sinusoidal shape. Both the period of oscillations and the shape of the beat signal depend on
the seed level intensity. At still higher seed levels, the beat signal shows a sharp,
asymmetric behavior, indicating that there are higher harmonics of beat frequency now
. present in the signal. At seed levels of 2 x 10" of the input pump intensity, the beat
frequency at steady-state is zero, showing that frequency locking has occurred.

Fig. 3 shows power spectrum analysis of the nonsinusoidal beat signal at a seed
level of € = 1.3 x 10”3, the other parameters remaining the same as in Fig. 2. The power
spectrum consists of several peaks at frequencies that are integral multiples of 6. The
number of harmonics of the beat frequency actually generated in the PCRO and their
relative amplitudes will depend on the level of seeding and the nonreciprocal phase shift
present in the ring. Fig. 4 shows the amplitude of the various harmonics as a function of
the harmonic number. The amplitudes fall linearly with increasing harmonic number, and a
fit to the points shows a slope of — 19.2 dB per harmonic.

Fig. 5 shows the average beat frequency as a function of the nonreciprocal phase
shift in the ring for various coupling strengths. The seed intensity is kept fixed at € = 1074,
the combined mirror reflectivity of the ring is taken to be 25 %, and photorefractive
response time is taken to be 1 sec. Higher coupling yields a larger beat frequency, and the

dependence of beat frequency on nonreciprocal phase shift is no longer linear at strong
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coupling. A qualitatively similar behavior is obtained by varying losses in the ring for a
fixed coupling strength (see Fig. 6). Smaller losses in the ring yield higher beat frequency
accompanied with nonlinear dependence of the average beat frequency on the nonreciprocal
phase shift.

Fig. 7 shows the average beat frequency as a function of the nonreciprocal phase
shift in the ring at various seeding levels. As the seed level is increased, the range of
nonreciprocal phase shift values for which beat frequency is zero increases. In fact, the
nonreciprocal phase shift at which locking occurs is directly proportional to square-root of
the seed level intensity: dNg Lock Ve, similar to the result for classical ring laser
gyro.[Aronowitz, 1971 #534] Hence for the two curves showing locking in the figure, the
ratio of nonreciprocal phase shifts at locking (10.46 and 7.4 degrees) is approximately

equal to V2, the ratio of the seed amplitudes for the two curves.
3. EXPERIMENT

3.1 Technique

The experimental arrangement is shown in Fig. &A. The oscillator was pumped by
5 mW of light from a CW Ar* laser at 5145 A with a coherence length of = 5 cm. The
pump was linearly polarized in the p-direction. The Ar* laser was separated from the
experiment by a Faraday isolator. The BaTiOj3 crystal w#s 6.5 mm in length and was
oriented with its +¢ axis at approximately a 60° angle to the pump beam.

The resonator was formed by the crystal and two high reflective mirrors and was
determined by a pair of ~ | mm diameter apertures. The angle formed by the input and
output pump beams was approximately 28°. One of the mirrors was 5% transmissive (0
provide for output coupling. This arrangement allowed for a simple way to inject the seed.

. The cavity had an overall length of approximately L = 90 cm and enclosed an area of about

A = 300 cm?2.
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The non-reciprocal phase shift was generated with a pair of A/4 retardation plates
and a Faraday rotator. The rotation angle was continuously tunable by translation of the
Faraday crystal in the magnetic ficld. Before each data set, this rotation angle was
measured in situ.

The seed light was produced via mutual pump phase conjugation (MPPC) in a bird-
wing conjugator.[Ewbank, 1988 #466] MPPC was utilized to insure that the seed was
collinearly aligned with the pump beam. Because the ratio of the seed to the pump was so
small, this alignment would have been extremely difficult to achieve had a simple mirror
been used in place of the conjugator. A fraction of the pump beam was split off to provide
one input for the bird-wing conjugator, while the other input was the pump output from the
phase conjugate oscillator. The MPPC crystal was also BaTiO3 and had a length of 5.8
mm. To optimize the phase conjugate reflectivity, the input beams were loosely focussed
into the crystal. A pair of matched, variable neutral density filters was used to controlled
the seed injection power (i.c., the phase conjugate return from the MPPC crystal) while
keeping the ratio of the input intensities to the MPPC crystal nearly constant.

A delay line arrangement was used to insure that the pump and the seed pumps
were mutually coherent at the oscillator crystal. For those experiments where the seed and
pump were intended to be incoherent, the delay line was adjusted by roughly 30 cm, which
was much longer than the coherence length of the pump source but shorter than the cavity
length L.

The beat frequency between the pump and the phase conjugate wave which builds
in the oscillator was measured by overlapping the two counterpropagating directions (with

appropriate relative delay) onto two photodiodes (Diodes 1| and 2 in Fig. &A). The

photodiodes were positioned 90° out of phase with one another so that the direction of the
fringe motion could be inferred. Another photodiode (Diode 3) monitored the intensity
level in the phase conjugate direction, while a Diode 4 was used 10 measure the injected
seed power.
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3.1.1 Results obtained without seed

As an initial check, the seed arm was blocked and the beat frequency was measured
as a function of the applied non-reciprocal phase shift. The expected linear dependence
was observed over a wide range of range of phase shifts (Fig. &B). “Dancing modes”
behavior{Jiang, 1987 #467] was not a limitation, although for large applied phase shifts we
did in a few instances observe an abrupt change in the mode pattern, phase conjugate
efficiency, and beat frequency. In further contrast to Ref. [Jiang, 1987 #467], the null
shift we observed, which is the beat frequency measured for no applied non-reciprocal
phase shift, was both small and reasonably repeatable. We attribute our differences from
Re!. {Jiang, 1987 #467] to the fact that our resonator was physically larger and more well-
defined (by the two apertures) and because we did not tightly focus into the photorefractive

crystal.

3.1.2 Results with coherent seed

. Beat frequency measurements were next made with a variable amount of seed light
which was coherent with respect to the pump source. In analogy to the locking mechanism
of conventional rotation sensors, this measurement tests the locking behavior of the device
when the scattering level from the phase-conjugate crystal is varied. Data was collected by
measuring the frequency shift between the counterpropagating directions at different seed
injection levels at each of several non-reciprocal phase shifts.

Typical raw results obtained at one particular non-reciprocal phase shift level are
shown in Fig. &C. At the lowest injection levels, the beat behavior was sinusoidal and
was almost indistinguishable from the no seed case (¢.f. Figs. &Ca and &Cb). As the seed
level was increased (Figs. &Cc and &Cd), significant deviation from simple sinusoidal

. behavior was seen. As discussed below, this behavior resembles that reported in Ref.
(Krolikowski, 1990 #453] for the phase-conjugate intensity; however, our data was

- apparently much more reproducible. As the the seed level was funther increased. complete
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frequency locking of the oscillator was observed, as evidenced by the lack of fringe motion
shown in Fig. &Ce. To verify that locking had occurred, data was collected for periods as
long as hours; the motion of the fringe patterns over these periods was slight and erratic
and was attributed to thermal drift of the interferometer.

As described earlier, we simultaneously monitored the phase-conjugate intensity
(Photodiode 3) and the seed injection level (Photodiode 4). For the “intermediate regime,”
where the beat frequency was non-sinusoidal in shape, the phase-conjugate intensity
showed similar anomalous behavior (Fig. &D). Occasionally, the seed injection level
varied slowly with time after the seed was unblocked. We believe that this behavior was
related to erasure mechanisms in the bird-wing conjugator and can be neglected here.

We performed power spectrum analysis of these fringe patterns. For no seed, the
power spectrum consisted of a single peak. As the seed level is increased, a series of
additional spikes was observed at frequencies which were integer multiples of that of the
strongest peak (for example, Fig. &E). For cach data set, we observed that the amplitude
of these peaks displayed a power law dependence with harmonic number (c.g., the linear
fitinFig. &E). The relative amplitude of these harmonics increased with seed power. Fig.
&F shows the power law coefficient obtained from the data fits as a function of the relative
sced power. Locking generally occurred abruptly after this coefficient dropped below 10
dB/harmonic.

We also measured the dependence of the beat frequency on seed level for several
fixed non-reciprocal phase shifts (Fig. 8:G). For those cases where more than one spectral
peak was observed, the beat frequency was taken to be the value of the lowest frequency
harmonic. For each non-reciprocal phase shift, the beat frequency was essentially
unaffected for a weak seed, but then dropped gradually to zero (locking) as the seed level
was increased.

These results are expressed in a more meaningful manner in Fig &H, in which the
beat frequency is plotted as a function of noa-reciprocal phase shift at various fixed seed

4)
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level. Note that Fig. &H was constructed by fitting the raw data of Fig. &G to an assumed
curve (an exponential). Deviation from the ideal linear behavior is apparent.

3.1.3 Resuits with incoherent seed

These experiment were repeated using a seed beam which was incoherent with
respect to the pump light. Such a situation can be thought of as measuring the sensitivity of
the gyroscope to scattering from cavity elements more than one coherence length away
from the phase-conjugate crystal, i.e. the cavity mirrors and the Faraday rotator apparatus.

Typical results are shown in Fig. &H. No apparent difference in the fringe pattern
was observed whatsoever compared to the seed-free case, even for relative seed powers as
high as ~3 x 10-3, This power, it should be noted, represents a value of at least an order of
magnitude greater than that at which higher order harmonics were first resolved in the
coherent seed case. However, the phase-conjugate intensity displayed erratic transient

behavior (Fig. &I) reminiscent of that observed by [Krélikowski, 1990 #453).
4. DISCUSSION

Comparison of experiment and theory

If we compare the theoretical plots of the beat signal shown in Fig. 2 with the
experimentally observed behavior shown in Fig. 2 of Ref. [M. J. Rosker et al,,
1991], we notice that though there is an asymmetric shape of the beat signals with
increasing seed level, the modulation of the beat signal is not reproduced exactly in the
theoretical curves. This is because of the simple expression for the beat signal ( see Eq.
(5)) that is assumed in calculating the theoretical curves; the reflectivity / transmissivity of
the vanous beamsplitters used for monitoring the signal is not taken into account. For a
nonreciprocal phase shift ( = Ong / 2) of 207, the beat frequency was zero for a seed level
of 2 x 107, which is identical 1o the cxperimentally measured seed/pump ratio for

frequency locking.
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The amplitudes of the various harmonics fall linearly with increasing harmonic
number (see Fig. 4), and a fit to the points shows a slope of ~ 19.2 dB per harmonic. This
is in good agreement with the experimentally measured value of - 18.5 dB / harmonic
reported in Ref. {M. J. Rosker et al., 1991)], for the same set of parameters.

In trying to obtain theoretical curves that qualitatively agree with experimental data,
the parameters that can be adjusted are the coupling strength in the photorefractive crystal
and the losses in the ring. The experimentally observed behavior of beat frequency with
nonreciprocal phase shift is linear even for large nonreciprocal phase shifts of 30°. This
implies that the coupling strength must be small, otherwise Fig. S predicts a nonlinear

behavior of beat frequency 8 with nonreciprocal phase shift ¢ug for large coupling strength
0.

Comparison with Krélikowski

se conitigate intensity oscillates use of t(wo-wave mixing!

cn;!()ﬁ

Mechanism for locking

r T ings

Implications to rotation sensing
json with convention; CO
Siake factor
§. CONCLUSION
REFERENCES
FIGURE CAPTIONS
Fig. 1: Geometry for the photorefractive phase-conjugate ning oscillator,
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Fig. 2: Beat signal from the ring as a function of normalized time for various seed
intensities. The coupling strength ¥ is equal to 2, the product of the mirror reflectivities in
the ring ( = R ) is 0.25 and the onc-way nonreciprocal phase shift (= ¢yg /2 ) is 20°.
Fig. 3: Power spectrum of the beat signal at seed level € = 1.3 x 10, The other
parameters are the same as in Fig. 2.
Fig. 4: Amplitude of the harmonics as a function of harmonic number. The parameter
values are the same as in Fig. 3.
Fig. 5: Average beat frequency as a function of the nonreciprocal phase shift for various
coupling strengths. € = 104 R =0.25, and t = 1 sec.
Fig. 6: Average beat frequency as a function of the nonreciprocal phase shift for various
losses in the ring. € =104, Y1 =2, and T =1 sec.
Fig. 7: Average beat frequency as a function of the nonreciprocal phase shift at vanous
= sced levels. 1 =2, R=0.25,and Tt = 1 sec.
Fig. &A: The experimental schematic.
Fig. &B: Beat frequency as a function of non-reciprocal phase shift for the case of no
injected seed.
Fig. &C: Beat frequency as a function of non-reciprocal phase shift for the case of
coherent sced injection. The injected sced power normmalized by the pump power was: (a)
0. (b) 2x 104, (¢) 7x 104, (d) 1.2 x 103, and (¢) 2.0 x 10-3. In ecach case, the seed light
was first introduced into the cavity at time t = 0.
Fig. &D: A typical measured fringe pattern, phase-conjugate reflectivity, and sced injection
level measured for the case of coherent seed injection. The nommalized sced injection was
ey
Fig. &E: A typical power specerum. The solid line represents a fit of the peak maxima to a

line.
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Fig. &F. Power law coefficient obtained from the data fits as a function of the relative seed
power. For seed injection levels below *, only one peak was resolvable in the power
spectrum. For seed injections above *, locking occurred.

Fig. &G: Beat frequency vs. seed level for several values of non-reciprocal phase shift.
Fig. &H: Beat frequency as a function of non-reciprocal phase shift for the case of
incoherent seed injection. The injected seed power normalized by the pump power was:
(a) 0 and (b) 7 x 104, In the latter case, the seed light was first introduced into the cavity at
time t=0.

Fig. &1: Transient behavior reminiscent of that observed by [Krélikowski, 1990 #453]

was recorded in the phase-conjugate intensity measurements (Fig. &I).
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We have developed a theory {or nondegenerate cacillations in optical resorators containing an intracavity
phase-conjugate element. The phase-conjugate element consists of a nonlinear transparent medium that is
pumped externally by a pair of counterpropagating laser bearms of the same frequency and intensity Phase
conjugation of an input beam of slightly different frequency occurs because of nondegenarate four-wave mixing
The theory takes into account linear absorption (or gain) in the medium and is applied to study the threshold
behavior of phase-conjugate oscillators. For the special case of no conventional mirrors, the phase-conjugate
oscillator reduces to an erdinary phase-conjugate mirror, and our general formulation yields the results of pre.
vious studies. Our analysis shows that the parametric gain required for cecillation increases (or decreases) as
8 result of Linear absorption (or gain) in the medium, and oscillation can occur at a frequency different from
that of the pump beams in the presence of large linear gain (or loss). The effects of linear absarption (or gain)

on the filter operation are also examined.

INTRODUCTION

Optical resonators containing a phase-conjugate element
have been a subject of great interest and importance. For
correction of intracavity aberration, the phase-conjugate
element can be employed as an end mirror of the optical
resonator."® In these resonators, the phase-conjugate ele-
ment acts as a unique kind of mirror (often called a phase-
conjugate mirror) that combines reflection with phase
reversal. Sufficiently high reflectivities are necessary
for efficient operation.

In addition to their unique property of cotrecting wave-
front aberrations, these phase-conjugate elements can alse
peovide parametric gain and conjugate coupling between
the oscillating beams. As a result of the parametric gain,
oscillation is possible even without the conventional gain
medium. Such oscillations are known as phase-conjugate
oscillations.* Recent theoretical analysis indicates that
the insertion of a phase-conjugate element inside a ring-
laser cavity results in a reduction of the lock-in threshold
and reduces the imbalance between the amplitudes of the
oppesitely directed traveling waves in some ring-laser sys-
tems.’ In the extreme case of phase-conjugate ascillation
without conventiona! gain media, it is shown that the
lock.in can be completely eliminated*® The study of
these resonstors is also important in understanding the
stability of laser ascillation in situstions when backseat-

tered laser radiation may enter the resonator and undergo
parametric four-wave mixing with the oscillating beams.

Although a few special cases of phase-conjugate oscilla-
tors have been studied, a general theory that includes non-
degenerate oscillations is not available. In this paper the
suthors develop a general theory of phase-conjugate oscil-
lators by studying the problem of wave prepagation along
the axis of the resonator. The matrix method intreduced
in Ref. 6 is now extended to the case of nondegenerate
four-wave mixing. The approach is general, so that many
of the situations studied previously can be shown to be
special cases in this formalism.

FORMULATION OF THE PROBLEM

Referring to Fig. 1, we consider a hinear optical resonator
that consists of two partially reflecting mirrors and a
nonlinesr medium that is pumped by & pair of external
laser beams of equal intensity. These two laser beams
sre counterpropagating, and their frequency is w.  The
nonlinear medium provides linear gain-absorption as well
&3 parametric gain by means of optical four-wave mizing
We assume that the bandwidth of the linvar gain is suffi.
ciently broad. To investigate the general properties of
such a resonator, we must tzeat the prohlem of wave propa.
gation along the suis of the resonator.
Let the electri field of the waves be written a3

{€, exp{ - ki + 2)] + € exp(ihi(2 + a)]) expliw,t) + (€, expl -k (2 + 0)] » & explak iz » a)fenplro. )

E a ({sd,(2) expl=th,2) v sl 2) exploh,2)) expliot) » [ay(2) expi-ik;2) v s 02) explib;2)] expitw d)

for: < ~a
for0 <<t

{6, expl-sktz = [ - 8] v S, explabitz =1 = Y expliw ) » (S, expl -1bt2 - 1 - b))

v S eaplibtz -~ b} explint)
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Fig. 1. Basic geometry of linear phase-conjugation oscillation by
maans of nearly degenerate four-wave mixing  In this ease, the
incident probe wave, whose frequency o 2 § is slightly detuned
from that of the pump waves (both st frequency o), will result in
8 conjugate wave with an inverted frequency w 5 4. gis the lin-
ear nonsatursting background (intensity) aet gain cosf(icient.

where €,, €y, 8,(2), #,(2), 6,, and ‘S; are the complex am-
plitudes of the plane waves traveling in the + 2 direction
and €, €, HMa(z). %, and %, are those of the plane waves
teaveling in the —z2 direction. &, &;, &,;, and &, are the
wave numbers that correspord to the frequencies w,, w3,
wy, and w,, respectively, where w, S w + &, wy = w - §
oy s wy,andw, = w;. E, A, and G, are the plane waves
corresponding to the complex amplitudes €, %, and S,
(where i = 1,2, 3, and ¢); A; and A are pump laser beams;
1 is the length of the four-wave mixing interaction region;
-c and ! + b are the positions of the mirrors, and &, of;,
a5, and s, are functions of 2 because of the linear absorp-
tion-gain and wave coupling owing to four-wave mixing in
the nonlinear medivss.  The problem at hand is to derive
expressions for all the wave amplitudes for a givea 3ot of
boundary conditions.

1f the regions between z = —e and z = 0 and between
z=tandz =l + b arc linear dicleetric media, then the
following linear relationships between the wave ampli-
tudes exist

A.(G)} K, G, Al
A0 b G Al
+#{ - Aol l: - ) i )
A5t0) E, G, Ayl
A0} L, G, Adl)
where A, and Af, are ¢ 2 & malnices 3 we further as

sume that thete s bo Fresacl reficetion at the surfaces
(¢ & 0 and ¢ = 1) of the nanhincar medium and lusmp -
gether all the reflection: at 2 = ~aand 2 = 1 « 4 then
the matrice: ean be writlen as

AL = S, {3
A, = F.3u8;, )
with
H o 0 e
;- ! [ 1 4 i} L2 .
Y N O B 0 $T e =
L~ ¢ (1] (V] 1 J
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and
exp{ ~ k&) 0 0 0
- 0 exp{tksd) 0 (1]
Sie) 0 0 exp(~ikyd) 0 *
0 0 0o explik &)
(6)

where ¢ = a, b, 1, r, andt, are the amplitude reflection
and transmission coeflicients, respectively, of the end
mirrors from the front surfaces (left sides). The matrices
F, and F; account for the Fresnel rellection and transmis-
sion at the mirrors, whereas the matrices S{a) and S(b)
account for the propagation through the bulk of the linear
regions.

In the nonlincar medium between z = 0 and 2 = [, the
waves A, a:d A; and the pump beams are coupled by opli-
cal four-wave mixing. The waves A, and A, and the
pump beams arc similarly coupled. If we assume no
pump depletion of the waves Ay and A¢ to describe oscilla-
tion near threshold, then the amplitudes A,(0), A;(0),
A3(0), A0) and A, (1), Aall), Ay(l) Al(l) will be shown to
be related by

Add) ArO)
All) .1 A3{0)

= Sii 1
aty | SR Ao b @
AdD) Ad0)

where S({) and K are 4 x 4 matrices. Using an approach
similar to that used in Ref. 6, we now determine the ma-
trix K.

We derive this matrix by solving the coupled-mode equa-
tions for the four-wave inixing processes. As a result of
four-wave mixing, the input wave o, interacts with two
external pumping laser beams o, and o, and a phase-
conjugate wave &, is geperated These two waves are re-
lated by the coupled-mode equation™ **

-

d.: = sy exp{-18kz) + %:l.',
dut
-d_{ “ g, explidbs) - g-.ﬂi,, (&)

where the amplitudes of waves | and 2 have been redefined
th order © aceount for pumpinduced phase madulation
6. = (@S2 Vil s, d.e® 4y the complex couphing
coeffictent, and ia deriving Eqe (8) we have assumed that
the input wave and it eonjugate boam are small compared
with the pump beani:  Then pump depletion 13 aeghgible,
and 3, and o, may be regarded as constanls, so that our
thoory deseribes pandegenerate oacillation flear threshold
Nute that, f the two pumps have different tnteasities,
then o, tocomes a function of 2 owing o the additional
phase musmateh satraduzed by the uniegual pumps %5 [y
what follows we shall asaume that the twy putaps have
cgual inlensities so that o 1 andependent of ¢ AL -
&, - by is the phase mizmateh, and g 1s the haear, nan
satutable el gasn luf oss) caelftent 16 order to mbhe
B (8) we ititroduce the fiew vanables o, and o,

&£ =~ ‘h"“t.

R, e ap &Y 9

b4
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In terms of the new variables, the coupled equations (8)
reduce to

d . .
I;c«,’ = ix,0q exp{-i(Ak - ig)s],

‘—;‘;c, = ix;%,°* expli(dk - ig)z]. (10)

Solving the differential equations (10) in terms of a,°(0)
and a,(1), which are specified by boundary conditions, we
obtain

al) = é{c,(O)x' expli(Ak + igH) - 2ix,% ;%)
x exp{s(Ak + ig)l ]} sinh{s*l/2],
a;{0) = %{-—2:’:,’::“’(0) sinh{sl/2] + a;ll)s
x exp{ -3k - ig)l},
where
s = [-(Ak - gl - dxux,*]'7
D = (-g - sakisinh(sl/2] + s cosh(sl/2]. (12)

From Eqgs. (8) and (11) we ebtain the solutions in terms of
the original variables:

&g,(l) = -—I; explt Akif2)
a

x {(a%) = 1% (VRN — iny B0, %0},

1
Ly = = exp(e 3k1/2)[ia %04, %0) + 4,10)], (13
where
a= ‘5’8,
b= —f;smh[g : (14

Equations (13 can be rewritten in matrix notation as

0] (A px){aa0 '
dalt] QX N J|gaor] ue)
wherc
1 .
At = — exple AN 1Y) - 4 %080,
[~}
R ]
N = —expit 3442),
-]
Ps - -‘—. capnt AR 0,
[
., H
Q= : enple AR 20 Y, {16

sad X 1s the complex-conjugated vpetator, defined a:
Al & H* whete M s an srbettary aymber
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Similarly, we obtain the following matrix equation for
the waves of, and o,:

4] (M PX][440)
[d.m] [QX I .0)]' an

where
M= i—txp(—iAN/Z)[(a)2 - u.:;’(ﬂ)’).
1 .
N = pcy exp{~iAkl/2),
P = —-i-cxp(—iAkl/?)q‘B.
Q= ;i; exp(-i Akl/2x 3. (18)

In arriving at Eqs. (17) and (18), we assumed exactly
the same pumping, so that x; = x; and x, = x;. By using
Eqs. (15) and (17), we can now write the matrix X in
Eq (7)

M PX 0 0

QX N o o
lo o a pPx|

6 0 QX N

K 19)

By using Eqs. (2)-(4) and (7), we can write the complex
.mph:m Gh Gg. G:. G‘u Eh E!; E’- ‘ﬂd Eﬁ:

G, E,
G| _ s ] B
G, |° EF;SU + BKSia)F, 5l (20
G‘ Eﬁ

Equatien (20) may now be used to study the reflec-
tion and transmission preperties of such a resonator. We
consider the most general case, where rir; # 0, g » 0,
[un,* # 0, and Ak = 0 Using Egs (5), (6), and (19) aad
carrying out the multiplication 1n Eg (20}, we obtain

G, Fo FuX FuX Ky |’£‘
G| ) |hX K K. RX|E, )
Gl e tBX K K RXLE| T
G, Fo FuX KX B B,

where

Fovwt*Mexp{-ibtl «+ b ¢ &)

« 100N oesplek il v b o )],
Foot, Pexpl-thil « b - 1h )

€ et enplek gl + B) o« yba),
Foo -1 Peapl-ib il o b) - iha)

- el eaplik dl v &) v ada],
Foom -1%r, Mexgl-ekl « b « 2))

=10, N oexplabytl v b v ),
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Fy, = 1, Q explikll + &) + ika)
+ 4,0y P expl - iky(l + b) ~ ikya],
Fya = 1,°N explirg{l + b + a))
+ 4.%r 0 M expl-iky(l + b + 0)],
F” - —l.'r.chp(ik,(l +b+ 5)]
= 4,°rs A expl—ikyll + b + a)),
Fye = —0,7,°Q expliks(! + b) + ik}
- tyrs P exp{~iki(l + b) — ika),
Fgg - —‘]’,Q GX“E};([ + b) + ik.c}
- l;r;’f’cxp{—ih{l + b) - lkyﬂ],
Fy = <1*; Nexplid{l + b + a)]
=00 Mexpl~iky(l + b + )],
Fn - l;”;’zNG‘di‘;([ + b+ a)]
+ 0N expl-iki{l + b + )],
Fyo w 0.0,°r Q explik Al + b) + ikie)
+ 4, P expl-ik, (Il + b) - ikya],
Fy = =, raMexpl—ik\{! + b + )]
- !;’P;N'exp(t'k,([ + b+ @)I.
Fa - "l;’)P exp[-ik,(l + b) - 3&3@]
- 4" Q explik (i + b) + ika],
F.; = ‘;’:’l.P Glﬁ“‘ik\u +* b) - 8‘;&]
+ 0, Q explik(l + b) + ik},
p“ - 'g"g’;”f‘d"‘“g(t + b +* c)l
+ 0N expliky{l + & + a)], {22)
and we recall that X is the complex-conjugate eperator.
If we view E, E,, G;, and G, as the input waves at the
two mirrors, then the autput waves B, E, G, and G, can
be solved from Egs. (21) in terms of B\, E,, G,, and G,
At oscillation, a finite solution for sutput waves Ey, E,,
G,, and G, ot the twe mirraes may exist even if there are
no input waves By setting £, =2 £,=6;,=26G,=0in
Eags. (21), we ebuain

Y — ! > * -
Gz 6= ‘m.‘)["uﬁz A Ful- l-
1
G. =0= . (Fuxx. * "usc] (23)
6Hete,

For a nantrivial salution for the output waves E and B,
the determinant of the coefficicats 1a By (23) must van-
ish, ie, Fu 'l = FuitFu s 0 From Egs (22) ths con
dition can be written as

19.Q  exgld - k! « b) - 1b,a]
~ 2P eapleh gl « b) « thoad
sl Peap{~th il + & - 1k.a}
v o Qenplibial v b v kel
w Nt eapl-thidl « 8 v )}
o 1t englak Al v b« i)
s {ror Mexpl~abtl v 8 v a))
« Nexplakotl v & v o), 24
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where P,Q.P',Q' .M. N, M’ and N’ are given by Egs. (16)
and (18).

The above cscillation condition depends on AR, g, xy, xy,
e, b1, r,andr, Inwhat follows, we investigate the oscil-
lation condition by adjusting these parameters.

We now consider the case when there is only one input
wave. For the case of incidence from the left on the mir-
ror at 2 = —g, E, may be considered the incident wave,
with a frequency of » + & If this is the only incident
wave, then E, = 0 at this mirror, while G; and G, are zero
at the second mirror. The wave E; at w — § is generated
as a result of the optical four-wave mixing. The wave E,
is produced by reflections off the second mirror at 2 =
1 + & The problem at hand is to derive expressions for
all the ouput waves E;, E, G, and 43, given an incident
wave E, ot & + & Using Eqs. (21), we obtain

Gy = 0= FuE\* + FukE, + Fo B,
G¢ = 0 = F.xE; + F.;E;’ + F“E.. (25)

By eliminating E, we obtain the following expression for
the phase-conjugate reflection coefficient:

_ Ez Fnru. - FuPn'
Py S =g W -

= . 6

El. FuF«‘ - FuFa. (2 )
while the phase-conjugate power reflectivity is given by
R, = |r,|*. Similarly, we may obtain the coherent reflec-
tion eccefficient at o + 8 a3

’.=§£ < _;:npu.‘ Fzzpu’v @n
Et. ;ura' = Fu?“'
and the coherent power reflectivity is given by R, = ||
In addition to the two reflected waves, there are also
two transmitted waves, as illustrated in Fig. 1. These
are the straight-through part of the incident beam G, at
w + &  Reflection off the second mirror generates an-
other incident beam at o + & Phase conjugation with
frequency flipping at the nonlinear medium gencrate the
beam Gy at w - & Using Eq (21), we obtaia

1 - , .
G = ':«'——:;;—'“ut.. + FLES e FUEL

| P . .
G: Aol —'—.(}ali. . rxt‘x v &a£|‘l (25}
TN NN
Substituting Fu4: (26) and (20) for E; and &, respee.
Gvely, into Ege (25), we abtais the expeessons for the two
transenssian eveflwents

G,
o =¥, e Fort s Fotl
AN ¢
G, i
8,8 e e Fy o« Far v Kt (29
LR t;l‘!"t F 1, auley

whule the powvr-transsussion coefficeats are given by
T,=plland ?, ~ 0,0

The four reflcctiog and transmissen cucfficnts de
erved above fur one input wave £, and o ¢ Jare useful for
studying the owillation conditions for vatiows typer of
phase-cosgugate aicsilatae  The snalysis fur & ungle wapat

3

C11264DD/ejw




SC5538.FR

wave at w — 8 is similar and may be obtained from our
general formulation by taking E; as the input wave and
E| = Gz = G4 = 0.

We are now ready to investigate three special cases of
great interest. These are the following:

(i) No conventional mirrors (r, = r, = 0), so that the
phase-conjugate oscillator reduces to a phase-conjugate
mirror.

(ii) Only one conventional mirror (r, = 0), so that the
phase-conjugate oscillator reduces to a phase-conjugate
resonator, i.e., & resonator bounded by a conventional mir-
ror and a phase-conjugate mirror.

(iii) Both conventional mirrors present (ry,r; # 0),
which is the phase-conjugate oscillator.

In each of the cases, we will consider four different opera-
tion conditions: (1) Ak =0, g =0, |x;] = |xo] = x| # 0,
i.e., degenerate four-wave mixing without linear absorp-
tion/gain in the medium. (2) Ak =0,g=0, |«,| =
[xo] = |«] = O, i.e., degenerate four-wave mixing with lin-
ear absorption/gain in the medium. (3) Ak = 0, g = 0,
|1*k2] > 0, i.e., nondegenerate four-wave mixing in the ab-
sence of linear absorption/gain in the medium. (4) Ak =
0,g = 0, |[x1°| > 0, i.e,, nondegenerate four-wave mixing
with linear absorption/gain in the medium. In this paper
we discuss only case (i). Cases (ii) and (iii) will be dis-
cussed in a subsequent ‘paper.” '

PHASE-CONJUGATE OSCILLATORS
WITHOUT CONVENTIONAL MIRRORS

In this section we set ry, = r, = 0. The frequency of the
input wave E, is w + . In this case the problem then
reduces to the standard nondegenerate four-wave mixing
in a transparent medium,'?-'* which is characterized by a
linear gain or absorption in addition to the parametric
gain. We will show that the general theory developed in
this paper yields the results of previous studies.!?-*

From Egs. (26), (22), (16), (18), and (12), the amplitudes
of the reflected wave at the input plane (z = 0) can be
written as -

, . S
_ 2ik,® sinh El

(—g — iAk) sinh %1 + s cosh ;—I

r.=0, (30)

Thus, in the absence of the conventional mirrors, there is
no coherently reflected wave at w + §, only the phase.
conjugated beam at w — § is rellected by he nonlin.
ear medium. The transmitted waves at output plane
(z = l)are

s‘

{ =

‘ . . s*
(~g + iAk) sinh 21 + $* cosh 21
x exp(-itk, + ka)l/2]. (31)
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Thus, in the absence of the conventional mirrors, there
is only one transmitted beam at w + 6. We note that
when ry = r; =0 and a = b = 0, then E, = A,(0) and
G, = A(l), where i = 1,2,3,4. If we define complex am-
plitude transmission as ¢, = s,(1)/s4,(0), then by Eq. (1)
Ai(l) = o, (l)exp(~ik,l) and A\(0) = s£,(0); hence by
Eqgs. (29) we obtain ¢," = ¢, exp(ik,!), and when this equa-
tion is suhstituted into Eqgs. (31) we get

s* .
L' = - — exp(i Akl/2).
(~g + iAk) sinh s—2-l + s* cosh %l

(32)

With r, = r; = 0, the oscillation condition [Eq. (24)] be-
comes N'N* = 0. Substituting Eqs. (16), (18), and (12)
into Eq. (24), we obtain the following oscillation condition:

D = (-g - iAk)sinh -%1 + s cosh —;-I =0. (33

Note that, at oscillation, r, and ¢, approach infinity ac-
cording to Eqs. (30), (31), and (33). We now consider the
four different operation situations and compare our re-
sults with previous studies.

Ak = 0,g =0, «x; = x; = x This is the case of degener-
ate four-wave mixing in a transparent medium without
linear gain or absorption.!

Under these conditions the oscillation is provided by the
parametric gain. From Egs. (13), (30), and (31) we obtain
the phase-conjugate complex reflection coefficient and co-
herent transmission coefficient. They are

.
= —i= tan|x|/,

Ix|

t, = ;_O-SIT‘T} exp(—ikl). (34)

The oscillation condition will now be |«]l = =/2,
37/2,..., etc. Similar results have been obtained by
others.!

Ak =0,g = 0, x; = x; = « This corresponds to degen-
erate four-wave mixing in a transparent medium that also
exhibits linear gain or absorption.!?

From Eqs. (13) and (32), the phase-conjugate complex
reflection coefficient can be written as

.o ix* tan{|x|* - (g/20°)" )
Pl - (8/2)°)' - (8/2) tan[|x]® - (g/2))™

According to Eq. (35), oscillation occurs when the fol.
lowing condition is satisfied:

(35)

20l| - (/2%
£

where k = (w/2)Vi/t yPAs"A¢%"? = x'e®'?.  Equations
(35) and (40) agree formally with the results derived in
Ref. 12, except that they have considered linear absorp-
tion only. Thus, if we replace g with ~a, we will obtain
exactly the same result as in Ref. 12.

Using Eq. (36), in Fig. 2 we plot the parametric gain |«'}!
versus linear gain gl at the oscillation conditions to show

tan{{|x|* - (g/2))"} = (36)
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Fig 2. Paramatric gain [o'l] versus linear gun gl at the oscilla-
ticn conditicn « = »'¢**,

e’k

the effect of gain (or loss) on the coupling constant |x'|/ for
degenerate four-wave mixing. The figure shows that the
parametric gain required for oscillation is considerably in-
creased {(decreased) owing to linear absorption (gain) in
the medium.

Ak » 0, g =0, x;x;* > O This is the case of degener-
ate four-wave mixing in a transpareat medium without
linear absorption or gain.t*

Substituting g » 0 into Eqs. (30), we obtain the phase-
conjugate reflection coefficient:

f, =
~ic2® tanfle e, ¢ (A4/2)'])
{sws® * (AR/2PTF - i(32/2) tanflx x;* + (34/2)')H)
(37)

which is identical to the result of Ref 15  According to
Eg (37), oscillation eceurs ealy when Ak = 0 and Vua;*
l = wf2, 3=/2,. . ete., 30 that nondegenerate ascillation
due 1o four-wave mixing is not pessible in a transparent
Rerr medium.  Oucillation with ao input wave will eceur
oaly at the pump frogquency.

8t 2 0, g 20 lu.x:" > 0 This is the case of depener.
ate four-wave mining i a trasipareat medium that ex-
hibits linear absorption-gain and 3 parametric gain
This is the first time to our kuowledge that the sffects of
nonsaturable background losses or gatn ia the (ranspar.
ent medium ea phase cuonjugatian by degenerate four wave
mining have been studied

By Eq: (12), (30), and (31), the phase-conpugate cosuplen

~te. tanffe st v (32 - @PALT
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. v v
D-[-uuhzl(‘coszl + vsmzl)

ol ok sin? (2
ocoobzl(Munzléucoazl)J

. u .Y v
+ n[-cosh;l(( sin 21 veoso l)

L . v v
+ uuhzl(u nuzl ak co&zl)] = 0. (39)

By setting the real and the imaginary parts of the
denominator separately equal to zero, we oblain two
simultaneous nonlinear equations involving three dimen-
sionless variables: gl x'l, and Akl, where »* = Vi 'x,*.
If we set A/ as the independent variable, then, by using
Brown's method to solve the two nonlinear equations, we
obtain multiple-valued solutions for g! and «'. Note that
when Akl = 0, the imaginary part of D is equal to 2ero,
and the real part of D reduces to Eq. (36). Using Eq (36),
we find that for oscillation at the pump frequency the
parametric gain required is «°'/ = 3.13824,1.57080,
0.76250 for a linear absorption-gain of gl = -1,0,1, re-
spectively. Nondegenerate oscillation is not pessidle for
these sets of parameter values. Figures 3 and 4 show the
phase-conjugate power reflectivity R, and the coherest
power transmissivity T,, respectively, versus normalized
wavelength detuning ¥ for three values of gl = 0, =1 at
oscillation condition. By definition, ¥ = (A2/2)(2=lAY),
which is also equal to the phase mismatch Ab! divided by
2z, The wavelength-detuning parameter A1/2 corre-
sponds to the difference in wavelengths of the probe ficld
E, relative to the pump fields Ay These two figures
show that linear ahsorption lagses in the medium substan.
tially inerease the threshold value ef «'! for which escilla.
tion will accur at the pump frequensy. If the medium
were somehow o exhibit linear gain instead of absarption,
then the threshald value of the coupling strength would be
corvespondingly lowered ewing to the additional gain thea
aveilable frem medium.

Using Egu. (38), we plot in Fig 5 the power-seflection
coefficient K, versus 8 noemalized wavelength-detuning
parswmeter ¥ for [v'|l = w/2 aad several values of the hin.
ear gain gl For finite 2, escillation ceases to eccur at
'l = w2 but it eceurs at higher (bawee) values for near
shuorption (gair) in the medium

Figures 6 and T are the normalived phase.conjugate
powier reflcetivity and nocmalized coberent power trans
midsivity, redpoctively, versus Rofminbized wavelempth
detuning ¥ They show (he effocts of bacar gain or o

R

= R
e oAk - ag) .
fsome® o (AR - PR - "'"*';*—g— aalles,® * Ak - ZPAPY)
- foes * (30 ¢ WP /AF" socfle by, ¢ 180 x 2V ALY)

RT3
-

The ascillation condition can bre ablnsned by either sct-
ting the dendminators W teto th B (387 ae eraply wacsg
Eg 35 Withs = & v o By (30 can be written as

fo:%: v {32 « @FAF® «

~— capl - ok, v R M2} (38,

taafie, %, » (& « 2PAH

werplind o the waveleagth respotar for the fiiter apgiwen
e  Seversl promueacat features shoutd be aoted  Fuent,
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1o
€.0
50 ~—— = g(=-1; ¥ (=3.1382¢

a0l - —— gy (‘(,-1.57080
30

......... gy=-1; (l(,=0.75925

2.0

POWER REFLECTIVITY Re (LOG SCALE}

)
-

2. -.0 ) K] .0 2.0 .0
NORMALIZED WAVELENGTH ZZTUMING 7
Fig. 3. Phase-conjugate power reflectivity R, versus normalized

wavelength detuning ¥ for several values of linear gain gl = 0,
=1 when |x'l| satisfies the oscillation condition. For the example

given in the text, unity along the abscissa corresponds to AA/2 =

00772 A, or Av = 929 GHz.

e
PR ¥ ]
\-JJJ .
2 s ——= gy=-1: K (=3.13824
[ ] . !
3 4.0 ——— g(=D ; ¥ (=1.57080
i Y Q=1 ; £ (=0.76925
=
T — S —
gj
o t
2
<
& e
-3 2.0 »1.0 .0 t.0 2.9 e

NORMAL | ZED WAVELENGTH DETUNING ¥

Fig. 4. Coherent power transmissivity R, versus normalized
wavelength detuning ¥ for several values of linear gain gl = 0,
=1 when [«'|{ satisfies the oscillation condition. For the example
given in the text, unity along the abscissa corresponds to AA/2 =
00772 A, or &v = 9.26 GHz.

when |gl] is less than 0.1, the effect on the filter of gain
(gl > 0) or loss (gl < 0)on the filter characteristic is neg-
ligible. Second, larger linear gain (or loss) degrades the
filter characteristics. Third, the filter characteristics of
the phase-conjugate reflection are better than those of
transmission for finite gain (or loss).

In practice, linear gain of the nonlinear medium depends
on the pumping source. Using Eqs. (38), we plot in Figs. 8
and 9 the linear gain (or loss) gl versus normalized wave-
length detuning ¥ for constant reflectances and trans-
mittances, respectively, when |x'|l = 7/2. We recall that
k = (wf/2)Vife ¥ As*Ag'e®™ = 'e™, In these figures,
we plot only the minimum absolute linear gain |g|! ver-
sus normalized wavelength detuning ¥, because g{ is &
multiple-valued function of Ak for constant reflectances
or transmittances in Eqs. (38).
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If we increase the absolute value of |gl| above 2, then
nondegenerate oscillation at a frequency different from
that of the pumps becomes possible. Figure 10 shows the
solution of D = 0 for g/ and «'! versus normalized wave-
length detuning ¥ Because the solution is multiple val-
ued, it is possible to have many pairs of g/ and «'! values
for a particular value of ¥ In this figure, the curve pair 3
(shown as a dashed curve) for x’l is not shown because it
is greater than 1.8. The curve pair 1 (shown the solid
curve) shows that, for example, if linear gain gl is in-
creased to 4.32152, then one can decrease the parametric
gain «'l to 0.13281 in order to observe nondegenerate
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Fig. 5. Power-reflection coefficient R, versus a normalized
wavelength-detuning parameter ¥ for [«')l = /2 and several val-
ues of the linear gain gl. For the example given in the text, unity
along the abscissa corresponds to 4A/2 = 0.0772 A, or av =
926 GHa.
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and severa! values of linear gain g/. All curves are normalized to
unity power reflectivity to emphasize the frequency bandpass of
the interaction.
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CONCLUSION

In conclusion, we have treated the generalized theory of
the propagation of electromagnetic radiation in phase-
conjugate oscillators. Wavelength detuning and linear
and parametric gain are all taken into account. Phase-
conjugate power reflectivity and transmissivity, coherent
power reflectivity and transmissivity, and the oscillation
condition are derived. We have studied the special case of
no conventional mirrors by using this general theory and
compared our results with those of previous studies. Our
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nity power transmission to emphasize the frequency bandpass
[ the interaction.
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Fig. 8 Contours of equal transmittance for |«’|! = #/2 on the
linear gain (or loss) versus normalized wavelength-detuning
plane. For the example given in the text, unity along the ab-
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iscillation at |¥| = 1.31. Figure 11 is a plot of R, and T, ) ~3
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ng oscillation at a frequency different from that of the
yump beam for this set of parameter values.

Fig. 10. Parametric gain «'/ and linear guin g/ versus normal-
ized wavelength detuning at the oscillation condition.
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Fig. 11. Phase-conjugate power reflectivity R, (solid curve) and
coherent-power transmissivity 7, (dashed curve) versus normal-
ized wavelength detuning ¥ for gl = 4.32152, 'l = 0.13281.

results indicate that in the presence of large linear gain
{or loss), oscillaticn can occur at a frequency different
from that of the pump beams.
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Abstract

This paper is the second of a series describing propagation of electromagnetic
radiation in phase—onjugate oscillators. We apply the formulation developed in the first
paper to study the phase—conjugate resonator (PCR) and the Fabry—Perot cavity with an
intracavity phase—conjugate mirror (PCM). Our results show that nondegenerate
oscillation occur in the PCR for large parametric gains and fixed separation between the
conventional reflector and PCM. The bandwidth is considerably reduced from that of a
PCM alone. In the phase—onjugate oscillator, oscillation will occur at the pump frequency
only if there is no separation between the conventional mirrors and the phase—onjugate

element, and the nonlinear medium fills the entire Fabry—Perot cavity.
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In part I of this series,(!’ we formulated the power reflectivity/transmissivity and
oscillation condition in phase—conjugate oscillators. Thase oecillators consist of
conventional Fabry—perot cavities with an intracavity, transparent Kerr medium that is
pumped externally by a pair of off-axis, counterpropagating pump beams. An external
signal with a frequency different from that of the pump beams is injected into the cavity
along its axis. Nearly Degenerate Four—Wave Mixing (NDFWM) generates a wave that is
phase—conjugate of the signal beam. Additional waves arise due to the presence of the
conventional end mirrors of the cavity. Extermally driven, intracavity four—wave mixing in
Fabry—perot resonators has been considered before by Agrawal(® and Yaholam and
Yariv(3) in saturable absorbers and photorefractive media respectively, and for equal
frequency of the interacting waves. In contrast to our study, Refs. 2 and 3 consider the
external driving field bouncing back and forth between the two mirrors of the cavity as the
counterpropagating pumps for the nonlinear medium, while another external, weak signal
that is not part of the cavity probes such a device, thereby combing DFWM with cavity
operation.

We apply our general formulation of nondegenerate operation of phase—conjugate
oscillators to the special case of a Fabry—Perot cavity with one conventional mirror and a
PCM, i.e., a PCR. This device has been studied extensively.(48) Refs. 46 examined the
transverse modes in & PCR. Refs 7 and 8 looked at the fields within and outside a PCR
without taking into account the nature of the nonlinear process responsible for
phase—conjugate reflection. Ref. 9 examines the effects of a noisy probe field incident on a
phase—conjugate Fabry—Perot resonator. Our theory describes nondegenerate oscillation in
a PCR by taking into account the four~wave mixing process responsible for generate of the
. phase—conjugate wave. Analytic expressions are obtained for power reflectivity and

transmissivity, as well as the oscillation condition, showing their dependence on linear and

67
C11264DD/ejw




‘ ' Rockwell International

Science Center
SC5538.FR
parametric gain of the PCM, mirror reflectivities and separation between mirrors and

PCM. Numerical plots are presented to illustrate this parameter dependence.

PHASE CONJUGATE OSCILLATORS BOUNDED BY ONE CONVENTIONAL
REFLECTOR AND ONE PHASE CONJUGATE MIRROR

Referring to Fig.1, we consider a linear optical resonator bounded by a PCM and one
conventional mirror rs. The PCM is a transparent Kerr medium with linear gain (or loss),
and it 18 pumped externally by a pair of counterpropagating, off—axis laser beams of
frequency w. A weak probe field at frequency w48, where §<<w, is incident on the PCM
from the left. The field E, at frequency w—é and propagating backwards to the left of the
PCM, is generated by NDFWM at the PCM. The field E; at frequency w+§ and
propagating backwards to the left of the PCM is generated by reflections off the
conventional mirror of the beam transmitted by the PCM. Waves G; and Gg, at
frequencies w+ & and w—§ respectively, propagate in the forward direction to the right of the
conventional mirror, and can be similarly interpreted. Using the formulation developed in
Ref.1, the complex phase—conjugate reflectivity and transmissivity, rp and tp and the

coherent reflectivity and transmissivity, rs and tg, respectively are given by:

2
E, . *ﬁ 14 [ro] o?
PTT xR —T6Kb T3
E € k" B 1]

(1)
G, -t far (1-r]) itk gritkbtiky(i+b)

t. = =
* ] ]
KKy B |rg| )

P Ei; t 9 [ e—?i—Akb
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r.= ——
o o e'“kb xik3 B3| z|’elm’

(1)

G, (-1 a e-ik1(1+b) glakl/2g2iakb

t..=——'—El t2[(:321Akb_“’:‘“2 ﬂ* 7 I | ]

where

K‘: _g_‘J_E__X(” V‘s%egl/z Ak—k1-k2
1

“T°*

- 2 . l
f=—5-sinh{75] @)

8 =J—(Ak—ig)2—4fc,n’;

D=(—g—iak)sinhs {/2]+s cosh[s {/2]

The oscillation condition is

2 2 -9
kiky B |y = €7 2LkD 3)
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Note that the power reflectivities Rp, Re, power transmissivities Tp, T, and
oecillation condition are independent of the phase introduced by reflection or transmission
at mirror 2, where Ry= Irplz, R‘=|r.|2, T,,=|t,,|2 and Te= lt..lz. Note that in the absence
of mirror 2 (r;=0) r;= t,=0, while r, and t, reduce to the results of Ref.(1) for a PCM,
except that the wave G, now measured at {+b instead of (.

We shall now discuss four different operation conditions: (1) ak=0, g=0, x;=Ky=x;
(2) ak=0, g#0, K;=r,=x; (3)ak#0, g=0, s’:xg>0; (4)ak#0, g0, K15,>0. For each case, we
shall discuss the phase—conjugate power reflectivity and transmissivity, coherent power

reflectivity and transmissivity and the oscillation condition.

(1) ak=0, g=0, x;=r,=x
This is the case of Degenerate Four Wave Mixing (DFWM) in the phase—conjugate
element of the PCR.

By Eqs. (1) and (2) the complex phase—conjugate reflectivity r, and transmissivity

tp, coherent reflectivity r, and transmissivity t¢ are given by

*
- _ . K 1 l+|rgl2
p= ~ iay e el o ToanTay

A . *
tp=— 3[%]- tmlxllseclx]le‘k(Hb)—r:mtf}&mT
) —gecd 2ik(H-b) rs
I =8¢€c lK“e —.IWW‘ (4)

_ -ik(H-b) L
te=sec|x|l€ T=Trg[®an [T
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where k=ky=ks. Note that if rg=0, then we recover the results of Refs.(1) and (9) for
DFWM in a PCM. Identifying tan?|x|! and sec?|x|! as the phase—conjugate power
reflectivity and coherent transmissivity of a PCM,(!*") we note that equations (5) are
similar to the results obtained in Ref.8 for the fields in 8 PCR. The differences arise
because Vesperinas(®) considers the external probe field to be incident on the mirror
instead of the PCM, and does not account for the nonlinear process responsible for phase
conjugation at the PCM.
By Eqs.(2) and (3) the oscillation condition is

|ra|%an’ | x]&=1 )

Equation (5) is identical to the result obtained in Ref.(9), and shows that if mirror 2
is perfectly reflecting, then oecillation occurs at |«|&=x/4, which is lower than that for a
PCM alone by a factor of 2.

Note that for the PCR, the ocscillation condition (5) and the four power coefficients in

Eq.(4) are independent of the separation b between the PCM and the conventional mirror.

(2) 8k=0, g0, K=r=x
This is the case of DFWM in the nonlinear medium with linear gain or loss besides the
parametric gain.

Substituting Eqs.(2) in Eq.(3) and simplifying, the oscillation condition becomes
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2 [1sl2(g/2

6
g+2|m,| ©

van{ |s1g/2)? §=

The above equation shows how the presence of linear gain (or loss) will affect the values of
. parametric gain required for oscillation in a PCR.

The resonator oscillation frequency w is also independent of the separation between
the two reflectors for DFWM in the PCM.

In Fig.2, we plot the parametric gain &'l required for oscillation versus the linear gain
or loss gl for several values of conventional mirror reflectivity: |rg|3=1, 0.8, 0.5, and 0.1.
When there is no linear gain/loss (g=0) and |r3|2=1, the coupling strength required for
oscillation is x/4, as expected from Ref.(9) for a PCM in the presence of a perfectly
reflecting mirror. Linear absorption losses in the medium substantially increase the
threshold value of |x'|! for which oscillation will occur. If the medium were somehow to
exhibit linear gain instead of absorption, then the threshold value of the coupling strength
is correspondingly lowered due to the additional gain now available from the medium. Also,
for a given linear gain/loss in the nonlinear medium, the threshold value of |'|l for
oscillation increases as losses at the conventional mirror of the phase—conjugate resonator

are increased.

(3) ak#0, g=0, x1x3>0
This is the case of NFWM in the PCM of the phase—conjugate resonator.
The oscillation condition can be separated into an amplitude and a phase part. The

d equality of amplitude part yields
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il * a1 &
¢ 4|ra|2mx3 sin? ‘Ak—q’éﬂﬂ- I=ak24+-4xix3 cos? J&i;ﬁm— l (7)

and the equality phase part yields

tan(bak)=— —2K mjﬁﬁ?—‘;ﬁ;— i (8)

JAkLthx;

Due to NDFWM in the PCM of th. phase—conjugate resonator, the oscillation condition is
now a function of the separation 'b' between the PCM and the conventional mirror. For
practical applications, if we choose b=0, i.e. the conventional mirror ie placed exactly at
the back of the PCM, and if we consider nondegenerate oscillation (ak#0), then Eq.(8)

requires «lAk’-me; =2pr, where p is an integer. This however can not satisfy Eq.(7)
because m; is a real and positive number. Hence if b=0, oscillation will only occur at the
pump frequency with ak=0. From Fig.(2), the minimum parametric gain required for
oscillation will occur for a perfectly reflecting conventional mirror with |ra|2=1. Hence for

this special case, the oscillation condition of Eq.(7) can be simplified to

ak?
4&152

St g
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Since the magnitude of cosine function cannot exceed unity, by Eq.(9), oscillation can
be achieved only when the absolute value of the the maximum wave number detuning |ak |
is equal or less than 2(&,&?)‘/ 3 Let nix324; then Eq.(9) can be solved for «/ as a function
of aki/2x by numerical methods and we can obtain b/l from Eq.(8).

We plot the phase conjugate power reflectivity R, versus normalised wavelength
detuning ¥=ak{/2r =(—4 A/2)(2 n I A?) in Fig.(3). The dot—dashed curve represents the
case of no conventional mirror ,i.e., an ordinary PCM based on NFWM, with a parametric
gain of £/2. The solid curve corresponds to a linear resonator with a PCM and a perfectly
reflecting ccnventional mirror placed exactly at the back of the PCM. The parametric gain
for this curve is x/4. Notice that the introduction of the mirror not only reduced the
parametric gain required for oscillation, but it also dramatically decreased the bandwidth

* of the filter. This is because feedback from the mirror in the {ocr of reflected light along
the axis of the resonator increases the intermal gain availzble from the PCM, thus
increasing the finesse of the resonator.(}) Qgcillation occurs at pump frequency in both
cases. A larger value of the parametric gain above this threshold value (xé=1.11065, as in
the dashed curve of the same figure) shows that nondegenerate cscillation is now possible
al akl/2r=#0.353, but for the fixed separation of b/k=0.70722. The bandwidth of the
dashed curve is less than that of the solid curve.

(4) akp0, g£0, x1x3>0
This is the case of NFWM in the externally pumped nonlinear medium with linear gain or
loas besides the usual parametric gain.

Numerical plots of the phase—onjugate reflectivity of the PCR is shown in Fig4 as a
function of normalized wavelength detuning ¥, respectively for ra=—1, «'i=1 and two linear

gain gi=20.2. For filter applications, linear gain (gb0) is better than linear loss (gi<0)

because the central peak (at akif2r=0) is smaller for linear gain than for linear loss, and
the side—lobe structure is reduced.
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xix} B |1a) = €73 (22kb+21p) (10)

where p is an integer. Then b/l has multiple—valued solution for the phase part of Eq.(10)
when 'l gl and ¥ are fixed We plot the phase—conjugate power reflectivity versus
normalized wavelength detuning in Fig.5 to show the effects of different values of b/!
corresponding to p=0,1 on the mode spacing at the oecillation condition. This figure shows
that when we increase p ,i.e. increase separation b/l then it will have the detrimental
effect of decreasing the mode spacing and increasing the power reflectivity in side—dobes
other than that at the oscillation frequency.

PHASE-CONJUGATE OSCILLATOR!V

Referring to Fig.6, we consider an optical resonator that consists of two partially
reflecting mirrors ry and r; and an intracavity PCM that provides linear gain (or loss)
besides parametnic gain via FWM.

(1) g=0, x;=xy=0, ak=0, RR#0
This ia the case of a Fabry—Perot cavity, with no intracavity PCM.

The coherent reflection and transsmission is
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rietkd yeikd

-

=

(11

1 [Hr? 11} —of }

L S | 7

where d=ka+b, k=kj=k;. These two equations can reduce to Airy's formula. Note that
t=0 if r3=1, since there is no transmitted wave G; if mirror 2 is perfectly reflecting. Also
note that rp=tp=0, as expected in the absence of the intracavity PCM.

(2)g#0, xy=x3=0, ak=0, R;R#0.
This is the case of a Fabry Perot cavity with an intracavity linear gain medium.

Using ri={K;, rs=— R, the oscillation condition can be written as
1+RRe% o) oG €8s (2kd) =0 (12)

where R; and R; are real numbers. Solving this equation, we obtain

{FGR; 68 (13a)

which means that laser round trip gain must be cqual to unity, and
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20— Hatb)=2pr (13b)

where p is an integer. Hence in a Fabry—Perot cavity with an intracavity gain medium, the

net phase change acquired in one round trip must be an integral multiple of 2r.

(3) g=0, ki=ra=x, ak=0, RiRs#0.(7
This is the case of DFWM in the PCM bounded by two conventional mirrors.
Using the formulation developed in Ref.l, we get the phase conjugate reflection

coefficient

.3 -
- 4i(l-ry )(1+4Rg)i T%I: tan|«} !

(14)

Ip= ) )
t:{l+R;er3|xl I{R{+R3]+ ( 14+tan?|xl|){e ;2 3e—mkd+rtrzemkd}}

Eq.(14) shows that when =0, then £,=0, which means that when there is no four
wave mixing, phase conjugate wave cannot be generated. Note also that if R;=0, then we
recover the results for 1, (Eqs.(4)) for the PCR. If Ry=1, then t;=0 because then
phase—conjugated light cannot be transmitted to the left by mirror 1.

Similarly, we can obtain the coherent reflection coeflicient

realiztant el 0(e3e2 4R 1ie? M) o ant a4 Ry (rhtan? e ) g
14RRyan? |« [ {(R | +Ry)+(14tan? |al])(x ;r,ﬁ’zi kdﬂ:r;e?'kd)
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. where Ri=|ri|?% i=1,2. Note that this equation reduces to Airy's formula given by Eqs.(11)
when |x[&0. For oscillation to ¢ cur the denominator of Eq.(15) must be gzero. The

. resulting equation can reduce to the result of Yeh.(12)

(4) &40, xi=rs=x, ak=0, R4R##0.
This is the case of DFWM in a transparent medium with linear gain (or loes) and
parametric gain boundsd by two conventional mirrors.
In Fig.7, we plot the threshold parametric gain |«'|l as a function of the normalized
cavity length ¢=k(H-a+b)=kd with rs=—1, r)={0.9, and linear gain (or loss) gi=+0.05268.
Note that for cavity lengths with ¢=+x, oscillation can still occur for v not an integer and
the minimum threshold occurs when 1 is an integer. We plot the parametric gain &'l versus
‘ linear gain gl at threshold oscillation condition ior various 4 in Fig.8 when [rg|=-1,
[r1[={03. It shows the effects of gain (or loes) on oecillation. When 7 i; an integer

- (rninifnum threshold) and linear gain of medium reaches its threshold value,

gl:—%—ln(—n%ﬁ-z—), then «'&=0 for oscillation, as given by Eq. (13a).

(5) &=0, ak$0, l"l"?l#ﬂo R{R#C.
This is the case of NDFWM in the transparent nonlinear medium bounded by two

conventional mirror.

Consider example 1, with a=b=0, r.lx’;=x2 and adjust the phase of ry and rg such that
r,rge'i(k’+k2)[+rfr-;ei(k’“‘?) 1=2|r1r2| cos[(kr{-kg)l-{-f] (16)

where ¢ is the total phase of reflection from mirrors ry and r9. The oscillation condition

reduces to
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2(a*)?|rira] cos[(kytka)HE+RsRo(a”)2-r2(6%)2+1-x2(£*)Ri+Rg}=0  (17)
By separating the above equation into real and imaginary parts, Eq.(17) reduces to

(1-RyRg)ak{ AkZH4x7 sin{akZ+4x? =0 (18a)

o FRGa(ak?-+4n2)cos{(ky-Hha) - €1+ (RaBy+ 1) (akZeos| RFFART Hdn2cosdSEER

—4r2(Ry+ Ro)sinATEER g (18b)

. Note that when ak=0 Eq.(18a) is alway satisfied and Eq.(18b) reduces to the result of
Ref.(12).
For RjRa<1 and ak#0, sind ak?+4x? =0, and Eq.(18b)reduces to

1+R{R
cosl(ky ) - g LT BIR2
2 {RiR;y

neither

(19)
k{2 Ry cos{ (ko) €]+ R Ryt 11+4n2(2) R, cosl(kitko)- (-R-Ry}=0  (19)

These are not possible for RiRg< 1. Hence when a=b=0, oscillation can only occur for

ak=0. Hence nondegenerate oscillation is not possible if the nonlinear medium fills the
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For example 2, let ri={R;, r;=—1 and K2=K1K;, ab#0, where R; is real number and

s?:—g-ill—%—-xm A A Then oscillation condition simplifies to

()[R, k(b2 iak(b-a)_giak(atb)_p ¥y o typae-iak(atb)

=2 Rj(a*)%cos](ki+ko)(Ha+b)] (20)

Comparing the imaginary parts of Eq.(20), we obtain

4x2sin? iTm+ i sinak(b—a)+[akZcos| akZ+4x% 1+4x2cos? i—ﬁ—a+ I"I Jsinak(a+b)

+ak| 8k?+447 sin{ akZ+4x? kosak(a+b)=0 (21)
and comparing the real parts, we obtain

T_%—ﬁ:-—(Akz-{-fiK?)cos[(kl-{-kg)(H—a+b)]

=—4x’sin1i%5—n—kosAk(b-a)+[Ak2cos{ AK7T+4KT H4K2cos? L—-Q———; K2t 1KI]cc:sAl<(a+b)

—ak| ak?+4 KT sin{ Ak7+4x? kinak(a+b) (22)
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Cancelling ak(b—a) and from Eqs.(21) and (22) we can obtain a single formula that is a
function of «l, ak{, (ky+ks)l, and (a+b)/! only. Then we can use Mueller's iteration scheme
of successive bisection and interpolation method to find ! for a given akl, (a+b)/l and
(kgtka)l Actually, because (kytks)l is much greater than akl hence when we change
(a+b)/! the term cos(ky+kg)(Ha+b) on the left hand side of Eq.(22) will oscillate much
faster than cosak(b+a) and sinak(b+a) of Eq.(21) and right hand side of Eq.(22). So, when
pumping frequency is chosen (i.e., (kj+ks)i=constant) then we can choose X and Y as
independent variables such that

X=sin[ak(a+b)]

(23)
Y=cos[(ki+ko)(Ha+b))
and introduce integers (p,q) such that
at+b _ 1 1
(24)

Then we can solve &l by using Eq.(21) and (22). Fig.9 shows X—Y plane versus nonlinear
parametric gain &l for (k;+kg)&=10000 ,(p,q)=(1,10000) ,r1=JU.'§ ,r3=—1 and reflection

8l
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index n=1.62 at oscillation condition. Note that q must be greater then (ky+kg){such that
(a+b)/lis positive and using Eq.(21) we can obtain (b—a)/!, and aklis dependent on (p,q)
8o that the solution of Eqs.(21) (22) for &lis also dependent on (p,q).

(6) g#0, Akf0, syx3=r?, R;Ra#0.
This is the case of NDFWM on the transparent nonlinear medium which exhibits
linear and a parametric gain and is bounded by two conventional mirrors.

For example , let a=b=0, le’;:x? and ry,ro are real. The oscillation condition reduces

to
R1Rz[az-x1x;ﬁ2]2+l—xuc;ﬂz[R1+Rz]+2azrlrgcos[(kﬁ-kg)IJ=0 (25)

This equation can also be separated into two equations for real and imaginary parts
and function of cos[(ki+kg)l, &'l gl and aki Then we can use Brown's method for
determination of &'l and gl from these two equations for constant cos[(k;+ks)f]. For
example, Fig.(10) shows the normalized wavelength detuning ¥ versus parametric gain '
and linear gain gl for the oscillation condition at cos[(k;+ks)}=1 and Ry=04 ,Rs=04.
Because it is a multiple valued solution, hence it is possible to have many pairs of gl and «'{

for a particular value of ¥ (not shown in this figure ).
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CONCLUSION

In summary, we have developed a general theory of electromagnetic propagation in
phase conjugate oscillators. Specifically, the authors have treated the propagation of
electromagnetic radiation in a resonator bounded by one conventional reflector and one
phase—conjugate mirror and resonators containing an intracavity phase—conjugate element.
Wavelength detuning, linear and parametric gains are considered. Phaseconjugate power
reflectivity, coherent power reflectivity and threshold oscillation condition are derived. The
results indicate that: (1) nondegenerate oscillation are possible (ak#0) for the cases of gi=0
as Fig.1 for b#0, Fig.6 for ab#0 and all cases of gh0 ,and oscillation will only occur at pump
frequency (ak=0) for the cases of gl=0 as Figs.1 for b=0 and Fig.6 for ab=0. (2) we can use
small &'l to generate self oscillation and simultaneous produce the coherent and

phase—conjugate waves.
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FIGURE CAPTIONS

Fig. 1 The basic geometry of a linear phase—conjugate resonator via nearly
degenerate four~wave mixing. In this case, the incident probe wave, whose
frequency w46 is slightly detuned from that of the pump waves (both at
frequency w ),will result in a conjugate wave with an "inverted" frequency
w—§. g is the linear nonsaturating background (intensity) net gain coefficient.

Fig. 2 Parametric gain |&'|[ versus linear gain gl at oscillation condition for ak=0
and several values of conventional mirror's reflectivity: [rf2=1, 0.8, 0.5 and
0.1. |

Fig. 3 The phase conjugate power reflectivity R, versus normalized wavelength
detuning ¥ for linear gain g=0. The dot—dashed curve represents the case of
no conventional mirrors and xi=x/2. The solid and dashed curves correspond
to a linear resonator with a PCM and a perfectly reflecting conventional
mirror at its two ends with nonlinear gain xl=x/4 and x=1.11065 respectively.
Note that when nonlinear gain is above x/4, then nondegenerate oscillation is
possible, and the bandwidth of dashed line iz narrower than the other two
lines.

Fig. 4 The phase—conjugate and coherent power reflectivities Ry, versus normalized
wavelength detuning ¥ with ro=-1, «'&=1 for gk=—0.2, b/&=2.37018 and
gk=0.2, b/=0.57008. These graphs show that for constant nonlinear gain &'/, it
is possible to detune the frequency of oscillation if we vary linear gain gl and
choose & suitable b/l.

Fig. § The phase—conjugate power reflectivity versus normalized wavelength

detuning at oscillation to show the effect of different b/l
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Fig. 6 The Lasic geometry of linear phase—conjugate oscillator via nearly degenerate

four—wave mixing. In this case, the incident probe wave, whose frequency w#é
is slightly detuned from that of the pump waves (both at frequency w), will
result in a conjugate wave with an "inverted" frequency w=é. g is the linear
nonsaturating background (intensity) net gain coefficient.

Fig.7 The threshold parametric gain &'l required for oscillation as a function of
normalized cavity length ¢=k(Ha+b) with rs=—1, r;={03 for linear gain
(g&=0.05268) and linear loss (gk=0.05268).

Fig.8 The parametric gain &'l versus linear gain gl at threshold oscillation condition

‘ for various 4, whewe k¢=r, rs=—1, r;={0.0.

Fig.9 The X-Y plane versus nonlinear parametric gain &/ for (kj+kq)E10000
.(p,a)=(1,10000), n=1.62 and r1=JUT§ To=—1 at the oscillation condition,
where X=sin{ak(a+b)], Y=cos[(kj+ks)(Ha+b)] and p,q are defined in
equation (24).

Fig. 10 The normalized wavelength detuning ¥ versus parametric gain &'l and linear
gain gl for the oscillation condition at cos[(k;+ks)]=1 ,R;=0.4 Rs=04. and

a=b=0
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Measurement of Frequency Locking in Phase-conjugate Optical Gyroscopes
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spatial mode of the ow beam onto the pulsed
heam_ In my experiments, | have obscrved
MIPC in a photorelractive BaTiOy erystal
between the beams from & Q-swilched
flashlamp-pumped Nd:YAG laser and a
diode-pumped cw Nd.YAG lasce, both opee.
ating at nm. The experimental results
showed convincing spatial-mode cleanup of
the pulsed beam. This method can slso mod-
ily the incident pulsed beam to any desirable

of the counterpropagsting oscillations de-
pend on the nonreciprocal, but nol on the
reciprocal, oplical path length of the resona-
tor; thus, the device is poientially usclul for
inertial sensing of rolational motion. A pei.
mary limitation of conventional ring-lascr gy -
roscopes is [requency-locking behavior,
wherein bachscaticring couples the coun.
terpropagating lasce oscillations. Our previ-
ous theoretical results? indicated that, for

spatial pattern by using & spatial light mod
fator in the cw reference. To my knowiedge,
this is the first exported MPPC between
polscd and cw laser beams.

Reference
1. M. D. Ewbank Opt. Lett. 13, 47 (1988).

11:00sm

MW3 Incoherent light four-wave
mizing for the measurement of
teotientational relaration of
dye molecules

Yi-Zhong Yu

Laser Sectwon, Departrnent of Pracision
Instruments, Taanpn Unwersity,
Tuwpn 300072, China

| present a new convenient optical phase-
conjugation technique for measusement of
ultrafast reonientations! relaxation ime (1) in
the study of dye solutions This new mcthod
uses temporally incoherent hght instead of
short pulses This method i dutferent from
thase sppeopeiate to optical Keer media

A trequency-doubled YAG lasee with 2
pulse width of § ns was used in the expeni
meat Time eesolution is governed by the
cobetencs lme (i) of taser light, it is shost
encuph to measuce T for the Khodaamine 6G,
which s in the subnsnosecond time region
The phase<onjugated signal (¢) was mea
sueed by changing delay time (t) between
two writing beams The readout beam had a
fued time delay that was uncoreelated with
the othes two beams Othogonal aad parallel
polasitation configurativns weee used The
theoretical caleulation tor artaagonsily po
tarized beams shows a3 maple eapoaential
decay with esponent - 2/T (VT = |,y « VI,
whiere Ty ia the first escited state hictime)
Thede s & coherent spibe 1f(1)]. and babh
pround tenns

er) w1« T Se)|3 ¢ (WTUWDIenp { 271)

However, i the pasatlel pularisation con
hgutetion the conjupated sipasl shows o
cumplivated depwndence on [ owing to bus
mation of thermal grating The eoperuncctal
teaults Goandide with dats mcesured by
weans of the Othes ethuad

11 15 . R

MW2  Mcasutement of requercy
loching in phase conjugate
eplical pytoicopes

M | Rosber, | MiMubhoel and K Ssacna
Raduell lntermetions! Suten e Contes,

104% Carmorns Do Koss

Thossend thad s, Laltforna 9150

A i seanstur cuntacung  phase <un
Jugele Mmurur can &t 83 8 phase Susyupate
oaficel gyrumcupe (FCOG)H! The liequencws

peocal phase shifts of —10 rad, frc.
quency locking occurs when the rstic of
bachscattered hght to pump light excecds
=103 We descride our experimental investi.
gation of the frequency-lacking characteris
tics for the ring PCOG. A weak aced beam
was injected into the osallstor along the
same direction as the phase<onjugate out
put The frequency diffcrence between the
counterpropagating waves was measurcd as
a function of the seed interuity and the nan
veciprocal phase shift. Measuremerts wege
wade with buth coherent and incoherent
{with respect to the pump) seed light to sim
ulate scatter contributed by the phase conju
gate and conventional mirrors, respectively
The expenmental enults ace 1n gand agree

ment with theory.

References
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2 R Soxena, M ] Resker, W K Cheastan,
I McMichacl, and P. Yeb, in Intersetiona!
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MWS  Optical novelty filtering using 3
phase-grating carsict

Fraciis T S Yu, Shudeng Wy, Sumati

Kajan, and Andy Mayers

Departimens of Electraul Enginecreny,

128 Electriud Engrocering Eust,

University Pusk, Pemasybunia 16802

Techaigues using photaretractive effects
fue novelty filtecing have recently been sug
gosted by several investigatons Esamplen in
clude the fous wave-minng iatestesumatn
methuad b ihe Paw wave misiag bram deplet
g mettund, sid the beom Fanang methad

b this popuet we use 8 phase geating sarswe
M o funtt weve mising conbiparstion to eval
tec 3 novelty hiter In the espeeimental setup
the wutput phase madulated olpect eraaded
bcai with & phuase grating 1 whaped wito 3
B30 unatal the seconntounted phase oy
gated beang, with all the phase ubucmation vt
the oyt and the grating, 1 peaduced by o
el utleca Aftes cmceging Hvm the upat
Obpat, thu s curgugated buaw aa phase
Cuspresnsted Thus, anly & & NLERYT
vharenved ot the wutput tamal [dane withoat
highee order deftractaon Howmevee, o the
phase grating obyevt 13 awddvnly ssved
the sctup brvsuse ul the fuute foagainae bime
of the phaturefsactive matensl the hophuy
dultraction vaders of the grotung sppwer Lot
of the ditfeas i onders corts the wpat ol
Jevt sntogmatina Thus, by aelecting the
strungeat diftesctuan oodet, e olynt fus
Lo <an b ubmerved 81 the autput weage
glu\c withun the rrwjuanar Wie of the cryastal

Tus peupmant techingue oflen the smglaity
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ol optical sctup, it avoids the critical 2ero-
phase problem of the inler{crometnc method,
andithas high sensitivily snd image conlrast.
Delailed analysis and expecimental demon-
strations of the proposed technique are pre.
sented.
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Theory of Phase-conjugate Oscillator Applied to a Phase-conjugate Resonator
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beam sphitter In conjunction with & wave

plate, the reflected lvghl an be coupled out

without loss in . We report on the

seraitivity, wavelength
Uvreshold nevded for SSPC to

oocue ia these fibers.
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ThY18 Response of a seit-pumped
phase-conjugate mirrer for two
mutually coherent inputs

T. Hooda and H. Matsumoto
National! Resaurch Labsratory of Metrology,
1-34 Ubmesong, Taduba, urckt, 305, Jupan

Fhotacclractive self-pumped phase conju.
getion is attractive foe its simplicity and high
reflectivity with low-power Light sources in
order te realize its potential applations, it is
important to study its respons Su far the
sesporse of 8 phase-conjugate wave has been
descvided with its rise time. It has nat studied
how the phase-canjugate wave responds
when the spatial structuee of aa iaput peabe
wave is changed dymamically. We investi:
goied Uhe response of the phase cunjugate
wave by using two sutually coheeent A&Pu!
besms, which can be regacded as
of 3 prode wave, snd by u\uudwmg sinusa
‘d'hscnapmmmotm«\ with vae-

‘nvnan Each input beam has & power

ot the wonvclength of 515 am. A
.6?03 crystal was employed as o self-
ponped sine! By mea
suning relative phase between the bwo output
Seamns, which can bee regasded a3 compuncats
of & phasecunjugate wave, we found the
terpanse characteriatic sepresented by 2
tane-lag of At aader, which is simitas to KU
qeeuit The time thus detecsmnad
a3 B2 5, wiich was mach thuctes than the
fse Bang of 30 3 sbtained with the noww cos
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the PCM @ employed as an end micror of o
raonator cavily for intracavily sberrstion
corvection.! Recent theoreticul snalysis indi.
cates that the insertion of & PCM inside o
ring-laser cavity rmults in & reduction of the
toch-in theashold and reducm the imbelance
Setween the smplitudes of thve tely &i-
mdmnﬂo.ﬂm'w«lnw‘twh’d
e ' phoss ot et (FCO1
.
that cunsists of & Fabry-Perat cavity with
POM 24 an intrncavily element The
nenkiness transparent svediven pumped by 2
peis of counterpropagating laser beams of the
mtw“m Phase conju-
gaben with ponaible for an injected
sgnal of & mdy ditferent (w by
nearly degenerate four-wave mining
(NDFWM). linear abuorption/gain in the
oedium is slse taken into actwunt In this
mm."l,mmawm.
cnllhnty fugate ter by
Mo}mdunmm
luuu! microes to aevo. Analytic 'muom
are obuined for the twe reflestion coelfl
mwhmmmﬁmu
of the injected signal, snd the condition for
encillation is decived. A novel approach yields
the mede spaciag of such s phaseconjugate
texanator.
“Kackwell International Science Center, 1043
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Allteptical switching ia & nanlinear duen-
tiona! caupler Mw«dmdwm
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The third-order nonlinesr opticsl re-
sponse of various collowdal W has
been invastigated. The transmisaive proper-
Ues of these systems are of particular interest
n teems of the speed of the switching re-
sperac, the switching theaahold, the recov.
ery time, and the dynamic range over which
optical density is gesserated We Nave seen
resarant and non-resonant behavior in the

2 5 of hae materials. Thas
ians ace posed of bath inacganic
and scganic materials hamageneowaly dis-
tributed within & dielectric matein. In cectain
studics, these materisls have boen synthe.
sized a3 chacge-transfer complenes by using
an inacganic clectron donar combined with
an erganic clecteron acceptar. Our results
ongermng the thicd-onder noalineas sptical
peopesties of these materials, our develop-
ment of methads for the endancement of
their naali optical rap will also be
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The noise (anowut phenomenon was also re-
cently used in hime-integrating :ntecferom-
etry by Ford et ! *

A BaTiO) crysial was used for the eaperi-
mental demonstration  Finsl. the effect of
the dynamic range compression is simulal-
od by applying different intensities of the
input laser beam to the crystal. 11 can be
seen that 0r the Migher inpul power, the
decay of the output power is faster than that
for the lower input power.  Ths resuls fol-
lows out assumption  Physically the acue
Sased scattering diffrachion gratngs ste e9-
3bhished more swiftly when the input an-
tensity s stronger  These duffraction grat-
ings scatter hight away from the input
beam  Newt. for 3 few different levels of
input intensities. 1t can be seen that the
dynamic range of the outpur decreased
while the dynamic range of the wput re-
|mains constant  In the above, reduction ef
e DR with respect to ime 32 cleatly dem-
enssated

We might paint out that the predetection
DRC is 2 umique optical prodlen * Since by
defiration the 2-D signral has not yet been
detected before compressson. there 13 no
counterpam solution that ¢an be provided
by dezal electronics
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A primary hmtation lor convenhonal
ning laset gyroscopes is {requency-loching,
wherein bachscaitering may couple togeth.
et counterpropagating laser osaillations It
is, iherefore, of particulat interesi 1o deter-
mine the frequency-loching charactenstics
of the ring DPCO.

We have developed » theory hat deter-
mines the intensities and frequencies of the
Sounterpropagating modes in DPCOs ‘”’"%
the sell-consistent formalum of Lambd
Our analysis shows that the frequency
sphitting Sw between the zeroth-ordet
counterpropagating modes is hinearly pro-
poctional to ¢, the round-trip nonreaipro-
¢al phase shift in the resonatar

Q=g I(r4Lic) 1}

wheee L is the length of the resonator and »
is the response ime of the phase conpugate
marror. In denving Eq (1), we have made
the umplifying asumptions of weak cou-
pling. ssnall frequency shafls, and identiial
phase conjugate purrors  For osarilators
using slow phase conjugate murrors. the
constant of prop ality is the recipracal
of the response time of the phase conjugate
mireor, while for DPCOs using fast PCM:
the constant of proportionality s the reip-
r0cal of the trannt time 8 Ihe tesanator
We have experimentally vetified the abave
relationship 1a the fimt regume, ing veter-
sally pumped phase conqugate mvirrars in
photorefractive crystals of bartum ttanate
and potasyium niobate

We have theoretically eramined the in
tensities and frequencies of the sounterpso.
pagating sundes ta the p e of cones
directional coupling W detezmiae tn what
coaditons hrequency-locking ecvuss (if at
all) Owr peeiminary experimental tesutes
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is written as a hologram of the wh¢~
hght held

$x'(r.3) = const - Ltr. ),
X enpl:Ohs) 4 cc,

where 42 = 2 ~ &;. Fields £i0r2) gy
L:{r.2) ate the superimpositions of
transverye modes and, therefote,

spechle sructure inside the fiber. 1 g,
reading IR held Ry(r,.3) enactly

with the writing IR field, Ry(r.2).Ei(r2), dhe
SH polanzation 1L *(r.2) effectively geg.
erates an SH wave which has the strucrugy
of the wnting SH wave. For differey
Riir.2) and Li(r.2} of the projection of R tr.2)
to £,{r.2) only reads the holog ram effeciive
ly There must be 2 reconstouction of the
phare conjugated SH [ {r.2) via the resding
hologram By an IR wave in the direcsion
oppusite o the wrting IR wave.

In the experiment we used 2 ow acnvg
mode-loched active Q-switched N YAC L
ser with ¢ = 4000 Hz, with abeut iy
pulves in a bundh wirh 3 100-ps durstion for
€ach pulse. About 0.2 W of IR power and
00! W ol SH were transmitted through the
quartz fiber with the B-um cvre diameter
and 1w length using 2 20X microodiective
A 40 mm thich glass plate was installed in
front of e odjective. a turn of the
alows ene to change the angle of incidence
of Light irto the fider. Figure | shows the
ethiciency of reading v vs iapul angle o of
the IR for the haed sransmitted reading
power s intesesting that the selectivizy
curve width was I tises smaller than the
angulat width of the main IR {iber mande.
By tuening the bmun tNCh glass plate dus-
ing weiting we qould change the phase dif-
ference v = vy ~ o, of the Giclds intve
dused to the Adee A ptcond esponuse by
£ end £, frelds wirh walihied Ay with se-
spedt to the fimt ane ¢oderently etasnd he
peevwuns helograw

For a demanatation of phase coajugsnoa
By 2 x' halogram the SH was intraduced at
an angle selative 1o the 1K wiile weiting.
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the other end ol the hbet. Dusing e fid
2-19 s fhe teveratoucted SH was in the
disetuen oppusite that of the wrnag SH.
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Experiments were performed using a low
pressure CO; laser in both standing-wave
and ring resonator configurations for two
resonator magnifications. A variable fre-
quency shift in the return beam was pro-
duced with two acoustooptic modulators
(as shown in Fig. 1). Laser output power
and beam quality were measured as a func-
tion of fed-back power and frequency shift.
The frequency shift varied from 0 MHZ to
the longitudinal mode spacing. Although
the amplification factor was relatively con-
stant if the return frequency was far from
that of any of the lowest loss modes, there
was 3 strong dependence on frequency if
the return frequency was near a lowest loss
mode.

The amount of beam quality degradation
or power loss was also dependent on the
magnification of the resonator: higher
magnification resonators were more sensi-
tive to return power. Returnsof ~7 X 107¢
(M =15)and 14 X 10°¢ (M = 2.0) were
sufficient to cause a 5% degradation in
beam quality for the standing-wave resona-
tors. This was consistent with analysis pre-
dictions of 10-3 (M = 1.5) and 10-4(M = 2).
The beam quality degradation vs return
fraction for the standing-wave resonator
with magnification of 1.5 is shownin Fig. 2.
For low levels of return, the beam quality of
the forward wave in the ring resonator was
insensitive to the return power; however,
the ring resonator did exhibit an intensity
drop as return power increases (see Fig. 3).

(Poster paper)

CTHI25 Investigatior into quantum sta-
tistis of light using high-sensitivity
phase conjugation

O. V.KULAGIN, G. A. PASMANIK, A A.
SHILOV, Institute of Applied Physics,
Academy of Sciences of the USSR, 46 Ul-
janov St., 603600 Gorky, USS.R.

A semiclassical theory is developed de-
scribing transformation of the quantum sta-
tistics of radiation on its passage through
various optical systems (OSs) including
semitransparent mirrors and amplifying
and absorbing media (Fig. 1). The signal
intensity is defined in terms of this theory
as the intensity of the total field of this
signal and zero noises which have passed
through an OS minus intensity of the input
noise in the reception band:

[k(e + X2 =1e}? » )

<
l=2'

where k is the operator to describe OS tak-
ing into account its internal noises.

Letus introduce the photon numbersnto
characterize the total radiation energy per
one resolution element. Their mean val-
ues and the quantum dispersion (Ar)? at the
inputand output of OS including an ampli-
fier or attenuator (the transmissivity k) are
related as

Here N = [exp{hw/kT) — 1], T is the ambi-
ent temperature, T, = Aw/In(N./Ny) is the
amplifier/attenuator temperature, Af, is
the product of the amplifier/attenuator fre-
quency band Af by the registration time v, o
is the quantum efficiency depending on the
difference &f between the signal frequency
and the amplifier eigenfrequency (n = Latk
= | or §f << Af). Thistheory has been veri-
fied experimentally using a double pass
amplifier optical system comprising a
phase conjugate mirror with A = 1.05 um
and the sensitivity of about two photons
per resolution element, the number of ele-
ments being 380 X 380. The transverse dis-
tribution of a light beam was processed by
means of a matrix photodetector and nu-
merical averaging of the results over a large
number of elements. This OS5 was used to
analyze the statistics of thermal radiation in
the laser breakdown region(T 2 3,.. .SeV),
statistics of spontaneous and stimulated
scattering, as well as of linear scattering at
small particles. It was also shown that the
phase shift by ¥ in one beam (attenuated to
fig = 1) of atwo-beam interferometer with a
phase conjugate mirror leads to a change in
the SNR value from 1t0 2. The possibility
of splitting a light beam into several (two,
four,...)channels with no < 1 followed by a
phase-locked PC of radiation from each of
these channels in their respective PC mir-
rors pumped by the same laser beam was
demonstrated. (Poster paper)

CTHI26 Paper withdrawn

CTHI27 Nondegenerate oscillation in a
phase conjugate mirror with linear gain

WUN-SHUNG LEE, SIEN CHI, National
Chao Tung U, Institute of Electrooptical
Engineering, Hsinchu, Taiwan, China; RA-
GINISAXENA, POCHI YEH, Rockwell In-
ternational Science Center, Thousand
Oaks, CA 91360.

Optical resonators containing a phase
conjugate mirror (PCM) have been a subject
of great interest, where the PCM is em-
ployed as an end mirror of the resonator
cavity for intracavity aberration correc-
tion.! Recent theoretical analysis indicates
that the insertion of a PCM inside a ring
laser cavity results in a reduction of the
lock-in threshold and reduces the imbal-
ance between the amplitudes of the oppo-
sitely directed traveling waves.? In the ex-
treme case of phase conjugate oscillation
without conventional §ain, lock-in can be
completely eliminated.

We have developed a general theory for
nondegenerate oscillations in a phase con-
jugate oscillator (PCO), i.e., an optical reso-
nator with a PCM as an intracavity ele-
ment.' The theory is formulated by study-
ing the problem of wave propagationalong
the axis of the resonator and by extending
the matrix method introduced by Yeh’ to
describe the case of nondegenerate four-
wave mixing (NFWM). The PCM is taken
to be a nonlinear transparent medium
pumped by a pair of counterpropagating
laser beams of the same frequency and in-
tensity. Phase conjugation of an input

Fe (k- DAL+ N+ N(=T) + nkii,

(Bn) = (k ~ 141,11 + N + R(=T,)1 + nk¥ig(1 + 2N).
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probe beam of slightly different
is achieved by NFWM. Linear :;:l,:
or gain in the medium is also taken e
account.
For negligible linear absorption

the medium and with no coaventiony] ot
rors, *ie PCO behaves like an ogg;
PCM, and the results of our general
are identical with those of Pepper
Abrams*—a phase conjugate wave ap [
generated without a2 probe beam ang e
corresponding phase conjugate reflectaom
coefficient and probe transmission oy
cient will be infinitely large. This self-gg.
cillation can occur only at the pump gra.
quency and when the parametric gainis an
integral multipleof x/2. Inthe presence op
linear absorption (gain) in the medium, ooy
study shows that the parametric gain yo
quired for self-oscillation at the pump fre-
quency is considerably increased (de-
creased). while the bandwidth and sjde.
lobe structure of the bandpass filter are also
affected. Also, nondegenerate self-osdlly.
tion can now occur if the medium has
linear gain. Figure 1 is a plot of the phase
conjugace reflectivity R, and the probe
transmission coefficient T, vs the normag
ized wavelength detuning between the
probe and pump beams for a linear gain ot
4.32 and a parametric gain of 0.13. Noce
that R, and T, become infinitely large at a
nonzero wavelength detuning, i.e., in the
absence of a probe beam, self-oscillationata
frequency different from that of the
beams is possible in a medium with linea,
gain.

(Poster paper)

1. A. E Siegman, P. A. Belanger, and A.
Hardy, Optical Phase Conjugation. R. A..
Fisher, Ed. (Academic, New York, 1983),
Chap. 13 and references therein.

2. ].C. Dielsand 1. C. McMichael, Opt. Lete.
6,219 (1981).

3. P. Yeh, J. Tracy. and M. Khoshnevisan,
Proc. Soc. Photo-Opt. Instrum. Eng. 412,
240 (1983); P. Yeh and M. Khoshnevisan,
Proc. Soc. Photo-Opt. Instrum. Eng. 487,
102 (1984).

4. W.S. Lee,S. Chi, P. Yeh, and R. Saxena,
OSA Annual Meeting, 1989 Technical Di-
gest Series, Vol. 18 (Optical Society of
America, Washington, DC, 1989), p. 102

S. P. Yeh, |. Opt. Soc. Am. A 2,727 (1985).

6. D. M. Pepper and R. L. Abrams, Opt.
Lett. 3,212(1978).

CTHI28 Laser beam noise cleanup using
Brillouin mirrors, and the problem of as-
sociative memory

N. F. ANDREEV, V. A. DAVYDOV, E V.
KATIN, A. Z. MATVEEV, O. V. PALA-
SHOV, G. A. PASMANIK, P. 5. RAZENSH-
TEIN, Institute of Applied Physics, Acade-
my of Sciences of the US.S.R., 46 Uljanov
St., 603600 Gorky, USS.R.

Possible ways of laser beam ¢leanup from
speckle noise imposed on this beam are
considered. Such a cleanup is required:
(1) when a self-focusing instability causes
buildup of a parasitic field with a speckle
inhomogeneous transverse structute
against a high power beam with a diffrac-
tion-limited divergence. Speckles can also
be generated by the defects of optical ele
ments; (2) when a weak signal with the dil-
fraction-limited divergence is amplified in
a narrowband amplifier. It is necessary
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POCHI YEH, SENIOR MEMBER, IEEE

(Invited Paper)

Abstract—The coupling of two electromagnetic waves in various
nonlinear media is treated. The nonlinear media considered include
photorefractive crystals, Kerr media, etc. The theory, some of the ex-
periments, and several applications are described.

I. INTRODUCTION

O-WAVE mixing (sometimes referred to as two-
beam coupling) is an exciting area of research in non-
linear optics. This area involves the use of nonlinear op-
tical media for the coupling of two electromagnetic waves,
especially the energy exchange between them.

Two-wave mixing is a physical process which takes ad-
vantage of the nonlinear response of some materials to the
illumination of electromagnetic radiation. For example,
let us consider the interferenice pattern formed by two laser
beams in a nonlinear medium. Such a pattern is charac-
terized by a spatial variation (usually periodic) of the in-
tensity. If the medium responds nonlinearly, then an in-
dex variation is induced in the medium. The process of
forming an index variation pattern inside a nonlinear me-
dium using two-beam interference is similar to that of
hologram formation. Such an index variation pattern is
often periodic and is called a volume grating. When the
two waves propagate through the grating induced by them,
they undergo Bragg scattering [1]. One beam scatters into
the other and vice versa. Such scatterings are reminiscent
of the read-out process in holography [2).

Energy exchange between two electromagnetic waves
in nonlinear media has been known for some time. Stim-
ulated Brillouin scattering (SBS) and stimulated Raman
scattering (SRS) are the best examples [3]. Both of these
processes require relatively high intensities for efficient
coupling. Recent interest in two-wave mixing arises from
the strong nonreciprocal energy exchange at relatively
lower intencities between two coherent laser beams in a
new class of materials called photorefractive crystals. In
addition, these materials are very efficient for the gener-
ation of phase-conjugated waves [4]-[6]. Materials such
as barium titanate (BaTiO;) and strontium barium niobate
(Sr,Ba, _,Nb,Oq4, SBN) are by far tlic most efficient non-
lincar media for the generation of phase-conjugate waves,

Manuscript received May 20, 1988; revised July 24, 1988, This work
was supported in part by the Office of Naval Research under Contracts
NOOQ14-85-C-0219, NOOO14-85-C-0557, NOOOG14-88-C0230, and
NOOO14-88-C-0231.

The author is with the Rockwell International Science Center, Thousand
Osks, CA 9136C.

IEEE Log Number 8825875,

as well as the coupling of two laser beams using relatively
low light intensities (e.g., 1 W/cm?). Optical phase con-
jugation via four-wave mixing in nonlinear media also in-
volves the formation of a volume index grating. The main
difference between two-wave mixing and phase conjuga-
tion via four-wave mixing is that in four-wave mixing, a
third beam is used to read out the volume hologram,
whereas in two-wave mixing, the same beams read the
mutually-induced volume hologram. To satisfy the Bragg
condition, this third beam must be counterpropagating
relative to one of the two beams that are involved in the
formation of the volume hologram. In two-wave mixing,
the Bragg condition is automatically satisfied.

In this paper, we first describe briefly the physics of the
photorefractive effect. A coupled-mode theory is then de-
veloped to analyze the coupling of two coherent electro-
magnetic waves inside a photorefractive medium. Both
codirectional and contradirectional coupling are consid-
ered. The coupled-mode theory is then extended to con-
sider the case of nondegenerate two-wave mixing. This is
followed by a discussion of the fundamental limit of the
speed of photorefractive effect. The concept of an artifi-
cial photorefractive effect is then introduced. In the sec-
tion that follows, we consider the coupling of two polar-
ized beams inside photorefractive cubic crystals. The
formulation is focused on the cross-polarization two-beam
coupling in semiconductors such as GaAs. In Section IV,
we treat the coupling of two electromagnetic waves inside
a Kerr medium and discuss the electrostrictive Kerr effect.
A new concept of nonlinear Bragg scattering is intro-
duced. We also point out the similarity among various
kinds of two-wave mixing, including SBS and SRS. In the
last section, we discuss several applications of two-wave
mixing. These include photorefractive resonators, optical
nonreciprocity, resonator model of self-pumped phase
conjugators, real-time holography, and nonlinear optical
information processing.

1I. PHOTOREFRACTIVE MATERIALS

The photorefractive effect is a phenomenon in which
the local index of refraction is changed by the spatial vari-
ation of the light intensity. Such an effect was first dis-
covered in 1966 (7). The spatial index variation leads to
a distortion of the wavefront, and such an effect was re-
ferred to as **optical damage.’’ The photorefractive effect
has s.nce been observed in many electrooptic crystals, in-
cluding LiNbO,, BaTiO;, SBN, BSO, BGO, GaAs, InP,

0018-9197/89/0300-0484$01.00 © 1989 IEEE
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etc. It is generally believed that the photorefractive effect
arises from optically-generated charge carriers which mi-
grate when the crystal is exposed to a spatially-varying
pattern of illumination with photons having sufficient en-
ergy. Migration of the charge carriers due to drift or dif-
fusion produces a space-charge separation, which then
gives rise 10 a strong space-charge field. Such a field in-
duces refractive index change via the Pockels' effect. This
simple picture of the photorefractive effect explains sev-
eral interesting steady-state optical phenomena in these
media.

A. Kukhtarev-Vineiskii's Model

Although there are several models for the photorefrac-
tive effect [8]-[11], the Kukhtarev-Vinetskii model is the
most widely accepted one {8], [9]. In this model, the pho-
torefractive materials are assumed to contain donor and
acceptor traps. These traps which arise from the imper-
fections in the crystal, create intermediate electronic en-
ergy states in the bandgap of the insulators. When photons
with sufficient energy are present, electronic transitions
due to photoexcitations take place. As a result of the tran-
sitions, charge carriers are excited into the conduction
band and the ionized donors become empty trap sites. The
rate of carrier generation is (s/ + B)(Np — Nj ), whereas
the rate of trap capture is ygkNNj. Here, s is the cross
section of photoionization, 8 is the rate of thermal gen-
eration, «yg is the carrier-ionized trap recombination rate,
and N and N stand for the concentration of the carriers
and ionized traps. Np is the density of the donor traps.

The space-charge field produced by the migration of the
charge carriers is determined by the following set of equa-
tions:

EN=—3—1N5—-}V~7 (1)
2N = (5] + B)(No = N3) = 1NN} (2)
J= epN(E - ‘—‘;vmg N) +ple (3)

V- (E¥) = e(N, + N = N3) (4)

where € is the unit vector along the ¢ axis of the crystal,
1 is the light intensity, N, is the acceptor concentration,
@ is the mobility, T is temperature, & is the Boltzmann
constant, n is the index of refraction, € is the dielectric
tensor, p/ is the photovoltaic current, and p is the photo-
voltaic constant. E** stands for the space-charge field. £
is the total field which includes E* and any extemal or
interna! fields (such as chemical or intemal ferroelectric
fields).

As a result of the presence of the space-charge field, a
change in the index of refraction is induced via the linear
electrooptic effect {1] (Pockels effect):

1 -
A(;i)u = r,j‘Ef

(5)
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where r;;, is the electrooptic coefficient (with i, j, k = x,
¥.2)

B. Degenerate Two-Wave Mixing

We now consider the interaction of two laser beams in-
side a photorefractive medium (see Fig. 1). If the two
beams are of the same frequency, a stationary interference
pattern is formed. Let the electric field of the two waves
be written

E = Acein o2 (©)

where 4,, 4; are the wave amplitudes, « is the angular
frequency, and k,, k, are the wave vectors. For simplic-
ity, we also assume that both beams are polarized perpen-
dicular to the plane of incidence (i.¢., s-polarized).

Within a factor of proportionality, the intensity of the
electromagnetic radiation can be written

2 2
I=|{E[' = |E + Ef. )

Using (6) for the electric field, the intensity can be written
I=|A] + |4 + At 4,67 + 44357 (3)

where

K = Ez - E|. (9)
The magnitude of the vector Kis (2 /A), where A is the
period of the fringe pattern. The intensity [(8)] represents
a spatial variation of optical energy inside the photore-
fractive medium. According to Kukhtarev's model, such
an intensity pattern will generate and redistribute photo-
carriers. As a result, a space-charge field is created in the
medium. This field induces a volume index grating via the
Pockels effect. In general, the index grating will have a
spatial phase shift relative to the interference pattern [8].
The index of refraction including the fundamental com-
ponent of the intensity-induced gratings can be written

*
n=n,+ %e“%&cxp(—ﬂ? - 7))+ ce. (10)
where

lo=l|+lz = ‘A||2+|A2i2. (”)

n, is the index of refraction when no light is present, ¢ is
real, and n, is a real and positive number. Here again, for
the sake of simplicity, we assume a scalar grating. The
phase ¢ indicates the degree to which the index grating is
shifted spatially with respect to the light interference pat-
tern. In photorefractive media that operate by diffusion
only (i.e., no external static field), ¢.g., BaTiO;, the
magnitude of ¢ is x/2_with its sign depending on the
direction of the ¢ axis. K is the grating wave vector and
1, is the sum of the intensities. The parameter n1; depends
on the grating spacing and its direction, as well as on the
material properties of the crystal, e.g., the electrooptic
coefficient. Expressions for n e can be found in (9] and
(10}.
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Fig. . (a) Schematic drawing of codirectional two-wave mixing. (b)
Schematic drawing of contradirectional two-wave mixing.

The finite spatial phase shift between the interference
pattern and the induced volume index grating has been
known for some time (8], [12]. The presence of such a
phase shift allows for the possibility of nonreciprocal
steady-state transfer of energy between the beams [9],
[13]-[15]. To investigate the coupling, we substitute (10)
for the index of refraction and E = E, + E; for the elec-
tric field into the following wave equation:

2
v2£+‘;—’,n25=0 (12)
where ¢ is the velocity of light.

We assume that both waves propagate in the xz plane.
Generally speaking, if the beams are of finite extent (i.e.,
comparable to the intersection of the beams), the ampli-
tudes may depend on both x and z. Here we assume, for
the sake of simplicity, that the transverse dimension of
the beams is of infinite cxtent so that the boundary con-
dition requires that the wave amplitudes 4, and 4, be
functions of z only (see Fig. 1). We will solve for the
steady states so that A, and A, are also taken to be time-

independent.
Using the slowly-varying approximation, i.e.,
| d? d :
B?Ajl<< BjthAj j=12
we obtain h
o d win,n -
2iB, EEAI = C,‘; L %A Ay A,
. d wznon ;
2B 7 4, = Ta'e"Ar’A.A2 (13)

where 8, and B, are the z components of the wave vectors
k 1 and E: inside the medium, respectively. The energy
coupling depends on the relative sign of 8, and 8,. Thus,
two-wave mixing is divided into the following two cate-
gories.

1} Codirectional Two-Wave Mixing (8,8, > 0}):
Referring to Fig. 1(a), we consider the case when the two
laser beams enter the medium from the same side at z =
0. Without loss of generality, we assume that

By =0y =kcos(8/2) = z)‘zno cos (6/2) (14)
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where @ is the angle between the beam inside the medium,
and n, is the index of refraction of the medium.

Substituting (14) for 8, and 3, in (13), and using (w/c)
= 2x /N, we obtain

d ) xn a

ZA = i il P, 2 Yy

2T TN 0/2) € a4 -5 4

d . xn, il 4 12 o

—Ay = i ———— Ay —— A

dzA2 l)\locos(G/Z)e 4[4, 272 (15)

where we have added terms that account for the attenua-
tion and a is the bulk absorption coefficient.
We now write

A = VI exp (=)
Ay = VL exp (i) (16)

where ¥, and ¥, are pnases of the complex amplitudes A,
and A,, respectively. Using (16) and (11), the coupled
equation (15) can be written as

d Il
o= Tve g e
d L1
— - 7
PRI (17)
and
d A
dz hi =6 I + 1
d I,
-, = 18
= V2 61, T (18)
where
2xn, )
= 19
Y= Neos (672) "¢ (19)
wn,
= — . 20
b= s (072 ? (20)

The solutions for the intensities /,(z) and /,(z) are {16}

1 + m-—] -a?
I(2) = L(0) 7= e (21)
1+ m -al
I(z) = 1,(0) TT e ¢ (22)
where m is the input intensity ratio
1(0)
ms= . (23)
1(0)

Note that in the absence of absorption (a = 0), [,(2) is
an increasing function of z anc /v ~) is a decreasing func-
tion of z, provided ¥ is positi . ’he sign of v depends
on the direction of the ¢ axis. 2 » ihc result of the coupling
for y > 0 in Fig. 1, beam 2 gains energy from beam 1.
If this two-wave mixing gain is large enough to overcome
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the absorption loss, then beam 2 is amplified. Such an
amplification is responsible for the fanning and stimwated
scatterings of laser beams in photorefractive crystals [17].
With /,(z), I)(z) known, the phases v, and y; can be
obtained by a direct integration of (18). Substituting (21)
and (22) into (18) for /, and /,, respectively, we obtain

oBdr
ol + m e

) = (0) = | (24)
Note that this photorefractive phase shift is independent
of the absorption coefficient a. Carrying out the integra-
tion in (24), we obtain

B 14+ m
Vaz) = ¥2(0) = jy‘ln <m:;> (25)

From (18), we note that

d
7 (it idg) =6 (26)

Thus, ¥,(2) can be written
Yi(z) = ¥i(0) = Bz - [\r"z(z) - ‘r”z(o)]

+1
- -g In (;’+ e,:>. (27)

If we refer 1o 4, as the signal beam, then 2 useful param-
eter is the gain

Iz(L) _ l + m_ e_aL
(0) 1+ me™

g= (28)

&

where we recall that m is the intensity ratio at input face
(z = 0). Fig. 2 plots the gain as a function of the length
of interaction L for various values of m.

2) Contradirectional Two-Wave Mixing: We now con-
sider the case when the two beams enter the medium from
opposite faces, as shown in Fig. 1(b). In codirectional
two-wave mixing, the sum of the beam power is a con-
stant of integration provided the medium is lossless,
whereas in contradirectional two-wave mixing, the differ-
ence of the beam power (i.c., net Poynting power flow)
is a constant. In addition, the coupled-mode equation
which governs the wave amplitudes is also different from
that of codirectional coupling. This leads to qualitative
differences in the energy exchange between the two waves
in two cases.

Let

By = «B, = kcos (6/2) = g)%rno cos (6/2) (29)

where 6/2 is the angle between each of the beams and the
z axis. Substitution of (29) for B, and 8; in (13) yields a
similar set of coupled equations. Using (16), such a set
of coupled equations becomes
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Fig. 2. Gain versus L for various values of m.

and
d A
dz ¢I B B ll + Iz
d I,
— Y = = 31
dZ ‘LZ 1, + 12 ( )

where 8 and v are phase and intensity coupling constants
and are given by

_ 271'"] . ¢
77 N cos (6/2) St

_ wn,
6= A cos (6/2) cos .

Comparing with (17) and (18), we notice the sign differ-
ence in these equations for beam 2.

The solutions for (30) and (31) can be obtained in closed
form for the case when o = 0 (i.e., lossless). In the loss-
less case, we note that the Poynting power flow along +2
is conserved, i.c.,

d
Sh-h)=0 (32)
and the solution of (30) with & = 0 is [18)
I(z2) = =C + JC* + Bexp (-y2)
I(z) = C+ JC* + Bexp (=v2) (33)

where B and C are constants and are related to the bound-
ary condition. B and C can be expressed in terms of any
two of the four boundary values /,(0), I,(0), /(L) and
5, (L), where L is the length of interaction. In terms of
1,(0) and /,(0), B and C are given by

B = 1,(0) 1(0)
C = [1(0) - 1(0)} /2. (34)

In practice, it is convenient to express B and C in terms
of the incident intensities /,(0) and /5(L). In this case, B
and C become

_d. = - I]l; - - II(O) + IZ(L)

ZhT vy el B = LY KLY Y+ 1(0) exp (=)

d A 1IA(L) = 1(0) exp (—vL)

L= - \ - - )

T TV ek (30) €= 3 TL) + 1(0) exp (<L) (33)
110
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According to (30), both /,(2) and /I(z) are increasing
functions of z, provided v is negative. The transmittance
for both waves, according to (34) and (35), are

(L) 1 +m™
= 1,(0) T 1+ m exp (yL)
12(0) _ 1 +m (36)

h = I(L) T 1+mexp(-qL)

where m is the incident intensity ratio ms [,(0)//y(L).
Note that 7, < 1 and #, > | for positive y. The sign of
depends on the direction of the ¢ axis. It is interesting to
note that these expressions for transmittance are formally
identical to those of the codirectional coupling, even
though the spatial variations of /,(z) and I;(z) with re-
spect to z are very different. Note that 1, and 1, are related
by t; =ty exp (yL).

The relative phase of the two waves is obtained by solv-
ing (30) in cooperation with (33), and is given by

Y2 — ¥ = ~{Bz + constant 37

where § is the phase coupling constant. The relative phase
varies linearly with z, and thus leads to a change in the
grating wave vector by /2 along the z direction (i.e.,

the grating wave vector becomes K ~ §8£).

The nonreciprocal transmittance of photorefractive me-
dia may have important applications in many optical sys-
tems. It is known that in linear optical media, the trans-
mittance of a layered structure (including absorbing
material) is independent of the side of incidence (the so-
called left and right incidence theorem). Right now, with
the photorefractive material available, it is possible to
make a ‘‘one-way’’ window which favors transmission
from one side only. These applications will be addressed
later in Section V-C.

The solutions of (33) did not take into account the effect
of the bulk absorption of light. The attenuation due to
finite absorption coefficient is reflected by the ~a/; term
on the right-hand side of the first equation in (30), and the
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Fig. 3. Intensity variation with respect to z in photorefractive crystals. The
coupling constant is taken as y = —10 ¢m™' and interaction length L is
2.5 mm. The dashed curves are for the losstess case (i.e., a = 0). The
solid curves are obtained by numerical integration including the loss (a

= 1.6 cm"'). The dotted curves are the approximate solution (38).

= 0.10. Note that even with the presence of absorption,
the transmittance can still be greater than unity.

By using the approximation solution [(38)], the trans-

mittances become

1+ m™!

1 + m " exp (yL)

1 exp (—al)

1+ m
1 + mexp (—vL)

L= exp (—al). (39)

There are two extreme cases worth mentioning. In the

case when I,(L) >> [,(0), m << 1, the transmittances
become t; = exp [(—y — a)L]and 1, = exp (—al),
whereas in the case when [,(0) >> L(L), m >> 1, the
transmittances are f; = exp (—al)and t; = exp [(y —
a)ll.

C. Nondegenerate Two-Wave Mixing

When the frequencies of the two laser beams are differ-

ent, the interference fringe pattem is no longer stationary.
A volume index grating can still be induced provided the
fringe pattern does not move too fast. The amplitude of
the index modulation decreases as the speed of the fringe
pattern increases. This is related to the finite time needed
for the formation of index grating in the photorefractive
medium. In the next section, we will consider the funda-
mental limit of the speed of photorefractive effect.

Let w; and w, be the frequency of the two beams. The
electric field of these two beams can be written

E = Aetw b (40)
where I:, and ;2 are the wave vectors and 4, A, are the
wave amplitudes. The intensity of the electromagnetic ra-
diation, similar to that given by (8), can be written
= AL + 4] + At A @57 4 gag e o7

(41)

+al; term on the RHS of the other equation. With these
two additional terms accounting for bulk absorption,
closed-form solutions are not available (19]. However,
(30) can still be integrated numerically. It is found that a
very good approximate solution is

15(z) = 177°(2) exp (-az)
I5(z) = 137°(2) exp [a(z - L)]. (38)

The approximation is legitimate provided o << {v|.
Fig. 3 illustrates the intensity variation with respect to
z for the case when vy = =107 'em, a = 1.6 em™', and
L = 2.5 mm. If the loss were neglected (i.e., a = 0),
the transmittance would be r, = .81 and 1, = 0.15. With
a = 1.6 cm™!, the transmittances become ¢, = 1.27 and
ty = 0.11 according to a numerical integration. The ap-
proximate solution {(38)] would lead to ¢, = 1.2]1 and 1,

j=12
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where
Q= Wy oWy
R =4Z2 - ;(- (42)

Such an intensity distribution represents a traveling fringe
pattern at a speed of

o 0A
=220 4
VEX T 2x (43)

where A is the period of the fringe pattem.
The index of refraction including the fundamental com-
ponent of the intensity-induced grating can be written

n=n,+ %' {e“ f'l—A-g exp [i(fr - K-7)]+ c.c.}
[4

(44)
where
L=l +h=lal+]al (45)

¢ is real and n, is a real and positive number. Here again,
for the sake of simplicity, we assume a scalar grating. The
phase ¢ indicates the degree to which the index grating is
shifted spatially with respect to the light interference pat-
tern. According to [20], ¢ and n, can be written, respec-
tively, as

¢ = ¢, - tan”' (Qr) (46)

and

2
n = n 47
' mﬂi an, (47)

where 7 is the decay time constant of the holograph grat-
ing, An, is the saturation value of the photoinduced index
change, and ¢, is a constant phase shift related to the non-
local response of the crystal under fringe illumination.
Both parameters An, and ¢, depend on the grating spacing
(2x/K) and its direction, as well as on the material prop-
erties of the crystal, e.g., the electrooptic coefficients.
Expressions for An, and ¢, can be found in {9] and [10].
In photorefractive media, e.g., BaTiO,, that operate by
diffusion only (i.e., no extemnal static field), the magni-
tude of ¢, is /2 with its sign depending on the orienta-
tion of the ¢ axis (note that these crystals are acentric).

Following the procedure similar to the one used in the
previous section, coupled equations for the intensities
1,(2). 1(z) and the phases ¥,(2), ¥i(a) are obtained.
They are formally identical to those of the degenerate
case, i.e., (17) and (18) for codirectional coupling and
(30) and (31) for contradirectional coupling. The intensity
coupling constant v, however, is now a function of the
frequency detuning Q.

For crystals such as BaTiO, that operate by diffusion
only, the coupling constant can be written, according to
(19). (46), and (47), as

v = /{1 + ()] (48)

’l Rockwell International
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where 1, is the coupling constant for the case of degen-
erate two-wave mixing (i.¢., 1 = «;, = w; = C)and is
given by

- 4x4n,
Yo = Ncos b

In deriving (48), we have used x /2 for ¢, in (46).
The two-wave mixing gain can be written

_hL)
8= 1)

where we recall that m is the input beam ratio m =
1,(0)/1,(0) and L is the length of interaction.

Fig. 4 shows the signal gain [(50)] as a function of the
frequency detuning {27 for various values of m. We note
that for the case of pure diffusion, signal gain decreases
as (r increases. This is true for both codirectiona! and
contradirectional coupling. When 17 >> 1, the intensity
coupling constant y decreases significantly. The time con-
stant 7 depends on materials as well as on the intensity of
the laser beams. The fundamental limit of such a time
constant r is discussed next.

(49)

1+ m
1 + me”

ze (50)

D. Speed of Phororefractive Effeci—Grating Formation
Time

As mentioned earlier, photorefractive crystals such as
BaTiO,, Sr,Ba;_,Nb;04 (SBN), Bi;;Si0, (BSO), etc.,
are by far the most efficient media for the generation of
phase-conjugated optical waves using relatively low light
intensities (1-10 W/cm?). In addition, these materials
also exhibit several interesting and important phenomena
such as self-pumped phase conjugation, two-beam energy
coupling, and real-time holography. All of these phenom-
ena depend on the formation of volume index gratings in-
side the crystals (8], [9].

One of the most important issues involved in device
applications is the speed of the grating formation (or the
time constant r). Such a speed of the light-induced index
gratings has been investigated theoretically using Kukh-
tarev's model and others, as well as experimentally in
various crystals {8]-[10], {21]. The issue of fundamental
limit of the speed of photorefractive effect has been a sub-
ject of great interest recently. Using Kukhtarev's model,
let us examine the four fundamental processes involved
in the photorefractive effect in sequence: 1) photoexcita-
tion of carriers, 2) transport, 3) trap, and 4) Pockels ef-
fect. The photorefractive effect is a macroscopic phenom-
enon and requires the generation and transport of a large
aumber of charge carriers. We note that without the pres-
ence of charge carriers, photorefractive gratings can never
be formed, and no matter how fast the carriers can move
(even at the speed of light, 3 x 10* m/s), the formation
of index grating is still limited by the rate of carrier gen-
eration. Therefore, although each of the four processes
involved imposes a theoretical limit on the response time
of photorefractive effect, the fundamental limit of the
speed of photorefractive effect is determined by the pho-
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Fig. 4. Signal gain g as a funcuion of Qr for various values of m.

toexcitation of carriers and not by the carrier transport. In
other words, the charge carriers must be generated before
they can be transported. Any finite time involved in the
transport process can only lengthen the formation time of
the grating. From this point of view, the fundamental limit
may also be called the photon-flux limit, or simply the
photoexcitation limit. Although the fundamental limit can
be derived from (1)-(4) of Kukhtarev's inodel, it has been
recently derived using a relatively simple method (22].
Such a fundamental limit has been confirmed experimen-
tally {23). In the limit when the crystal is illuminated with
infinjte intensity, the speed of the photorefractive effect
will be limited by the charge transport process [24].

Assuming that the separation of a pair of charge panti-
cles requires the absorption of at least one photon, we can
calculate the encrgy required to form a given volume in-
dex grating. To illustrate this, let us consider the photo-
refractive effect in BaTiO,. Generally speaking {10], an
efficient beam coupling would rcq)uirc a charge carrier
density of approximately 10'® em™>. Such a charge sep-
aration would require the absorption of at least 10'¢ pho-
tons in a volume of 1 cm®. Using a light intensity of 1 W
in the visible spectrum, the photon flux would be approx-
imately 10'*/s. Thus, assuming a quantum efficiency of
100 percent, it takes at least 1 ms just to deposit enough
photons 0 create the charge separation, The actual grat-
.ing formation time can be much longer because not all of
the charge carricrs are trapped at the appropriate sites.

According to the model described in {22}, the minimum
time needed for the formation of an index grating, which
provides a coupling constant of v, is given by

SRR
e/\A/\a,/ o I’r

where kv is the photon energy, e is electronic charge, A
is wavelength of light, A is the grating period, a, is pho-
torefractive absorption coefficient, n is the quantum effi-
ciency, ¢ is diclectnic constant, r is the relevent electroop-

tic coeflicient, and / is the intensity of light. Note that the
time constant is directly proportional to the coupling con-

(st)
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stant y and is inverscly propontional to the light intensity.
Equation (51) is the expression for the minimum time re-
quired for the formation of an index grating which pro-
vides a coupling constant .

A figure-of-merit for photorefractive material is often
defined as

(52)

Table I lists such parameters for some photorefractive ma-
terials. Using such a parameter, the photon-limited time
for the index grating formation becomes

= B)R)E) e

Here, we note that this photor. ‘mited time is inversely
proportional to the material’s figurc-of-merit and is pro-
portional to the coupling constant y.

We now discuss this photon-limited time for the for-
mation of an index grating which yields a coupling con-
stant of 1 cm™'. For materials such as BaTiO,, SBN,
BSO, and GaAs, the figurc-of-merit Q is of the order of
1 (see Table I) in MKS units (M*/FV). In many of the
experiments reported recently, hv is approximately 2 eV,
(A/A) is of the order of 0.1. We further assume that the
photoexcitation absorption coefficient is 0.1 cm™" and that
the quantum efficiency n is 100 percent. Using these pa-
ameters and a light intensity of | W/cm?, (53) yields a
photon-limited time constant of 0.15 ms. This is the min-
imum time required for the formation of an index grating
which can provide a two-wave mixing coupling constant
of 1 cm™'. By virtue of its photoexcitation nature, the
photorefractive effect is relatively slow at low intensities
because of the finite time required to absorb the photons.
Table 11 shows the comparison between the measured time
constants with the calculated minimum time {rom (53).
The only way to speed up the photorefractive process is
by using higher intensities. Fig. S plots this minimum time
constant for BaTi0, (or GaAs) as a function of intensity.

The photoexcitation process imposes a fundamental
limit on the spced of photorefractive effect at a given
power level. The time constant given by (51) here is the
absolute minimum time required to generate & volume
grating of given index modulation. We assume that the
transport is instantancous and the quantum efficiency is
unity. Thus the derived time constant is the absolute min-
imum time. Any finite time involved in the transport pro.
cess cun only slow down the photorefractive process.

The fundamental limit discussed here can also provide
imponant guidelines for many workers in the arca of ma-
tenal rescarch. For example, if we compare it with the
experimenta! results, we find that the time constant of
some materials (c.g.. BaTiO,, SBN) is two orders of
magnitude larger than the fundamental limit. Thus, the
calculation of such a fundamental limit and a simple com-
parison point out the room for improvement by cither in-
creasing the photorefractive absorption or the quantum ef-

(53)
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YENR: TWO-WAVE MIXING IN NONLINEAR MEDIA
TABLE 1
FIGURL-OF-MEATT FOR SOME PHOTOREIFRACTIVE MaTERL. ¢ [12]
A ’ (14
Materials »m pm/V " /e, pm/Ve, Q(MKS)
BaTiO,; 0.8 re3 = 1640 n =24 € = 3600 6) 0.7l
SBN 0.5 ryy = 1340 a, =23 ¢y = 3400 (R 0.4
GaAs 1.1 ryy = 1.43 a, =34 ¢e= 123 47 0.53
| M) 0.6 rm$ nm2%4 ‘em 36 1S 0.17
LiN®O, 0.6 ryy = 31 =22 ¢ = 32 103 1.16
LiTs0, 0.6 ry =31 a, =22 @ =45 73 0.1}
KNbO, 0.6 ry; = 380 Aa=21} ¢, = 240 19.3 22
“The figurc-of-merit Q depends oa the config of i tion.
TABLE 1l
ComPartsON OF MEASURED TimE CONSTANYS 7 AND THE FUNDAMENTAL LisiT ¢
A A a, v r* r*

Materials um sm em”! em”! s s Remarks
GaAs 1.06 1.0 12 04 80 x (0™ 48 x 10°° 2%)
GaAs:Cr 1.06 11 4.0 0.6 3 x 107 3t x 107 6)
BaTiO, 0.515 13 1.0 20.0 1.3 2 %107’ an
8s0 0.568 230 0.13 10.0 15 x 107} 2x10? (043}
SBN 0.51% 1.3 0.1 0.6 2.3 6x10°? 2%
SBN:Ce 0.515 1.5 0.7 14.0 08 21xt10? (29}

7 and 7 are time constants at incident intensity of | W /cm?

%2 is the caleulated time constant by using (33) and assuming a quantum eficiency of 1.

10° - T T ¢
2 1073 b .
:;‘ e F .
! T N S -
i vo-t2} -
1 1 . -
w03 w0 0! 10é wd 102

SITINSITY twiamd)

Fig 3. Fuadamenual limil of the speed of photorefractive effect of BaTiO,
{or GaAs) with coupliag constant of t cm ™'

ficiency. There aze some materials (e.g., GaAs) whose
photorefractive response is close to the fundamental limit,
leaving no more room for further improvement by any
means (c.g., heat treatment, doping, or reduction.) Re-
cently, highly-reduced crysuals of KNbO, were prepared
which exhibit a photorefractive response time very close
to the fundamental limit (23].

In summary, the photorefractive effect is a macroscopic
phenomenon. It involves the trunspon of a large number
of charge carriers for the formation of any finite grating.
The fundamental limit is the minimum time needed for
the generation of these carriers. The speed is fundamen-
ully imited by the finite time nceded to absorb a large

number of photons at a given power level. By counting
the total number of photons needed for the formation of
an index grating, the photon-limited time constant is de-
rived. This time constant is inversely proportional to the
light intensity. We further estimated this minimum time
constant for some typical photorefractive crystals. Such a
fundamental! limit provides important guidelines for re-
searchers in the arcas of device application and material
rescarch.

I1l. PHOTOREFRACTIVE TWO-WaAvE Mixing I CuUBiC
CRrysTALS

Photorefractive two-beam coupling in electrooptic
crystals has been studied extensively for its potential in
many applications. Much attention has been focused on
matenals such as BaTiQ,, BSO, SBN, etc., because of
their large coupling constants (see, for example, Table
I1). Although these oxide materials are very efficient for
two-beam coupling, they are very slow in response at low
operating powers [22]. Recently, several experimental in-
vestigations have been carried out o study two-wave mix-
ing in cubic crystals such as GaAs, which responds much
faster than any of the previously mentioned oxides at the
same operating power [25], [26].

In addition to the faster temporal response, the optical
isotropy and the tensor nature of the electrooptic coeffi-
cients of cubic crystals allow for the possibility of cruss-
polanzation coupling. Such cross-polarization two-wave
mixing is not possible in BaTiO, and SBN because of the
optical anisotropy, which leads to velocity mismaich. The
velocity mismatch also exists in BSO crystals because of
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the circular birefringence. A number of special cases of
two-wave mixing have been analyzed. Recently, a gen-
enl theory of photorefractive two-wave mixing in cubic
crystals ‘was developed {30]. Such a theory predicts the
existence of cross-polarization signal beam amplification.
These cross-polarization couplings have been observed in
GaAs crystals [31])-[33]. In what follows, we describe the
conpled -mode theory of photorefractive two-wave mixing
in cubic crystals, especially those with point group sym-
metry of 43m. The theory shows that cross-polarization
two-wave mixing is possible in cubic crystals such as
GaAs. Exact solutions of coupled mode equations are ob-
tained for the case of codirectional coupling.

A. Coupled-Mode Theory

Referring to Fig. 6, we consider the intersection of two
polarized beams inside a cubic photorefractive crystal.
Since the crystal is optically isotropic, the electric field of
the two beams can be written as

E=(54,+ pA)exp(-ik, - 7)

+ (3B, + piB)exp (~iky - F) (54)
where & y and k ; are wave vectors of the beams, ¥ is a
unit vector perpendicular to the plane of incidence, and
P\, P are unit vectors parallel 10 the plane of incidence
and perpendicular to the beam wave vectors, respectively.
Since cach beam has two polarization components, there
are four waves involved and 4,, 4,, B,, and B, arc am-
plitudes of the waves. All of the waves are assumed to
have the same frequency. In addition, we assume that the
crystal does not exhibit optical rotation,

In the photorefractive crystal (fromz = Otz = L),
these two beams generate an interference patiem,

E*E=A'A, v AJA, + B'B, + BB,

+ [(A,8 + A,B) B, - b))

cexp (iK - F) + c.c.] (ss)
where K = &k : - k ; is the grating wave vector, and ¢.c.
represents the complex conjugate. We note that there are
two contributions to the sinusoidal variation of the inten-
sity patiem. As a result of the photorefractive cffect, a
space-charge field £ is formed which induces a volume

index grating via the Pockels effect,

(A )v = —eon'r k, {s6)

where ¢, is the diclectnic permittivity of vacuum, a is the
index of refraction of the crystal, r,, is the clectrooptic
coeflicient, and £, is the k component (k = x, y, 2) of the
space-charge field. The fundamental componcat of the in-
duced grating can be written

A¢ = —cot.[(A,B,‘ + A,B) cosd)
7ve) el

< eap (iK - (s7)
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Fig. 6. Schematic dnwing of photorefractive two-beam couphiag in cubic
crystals.

where ¢, is a 3 X 3 tensor, ¢ is the spatial phase shift
between the index grating and the intensity pattem, 8 is
the angle between the beams inside the crystal, and /, is

given by
I, = A7A, + AJA, + BB, + B B,. (58)

For cubic crystals with point group symmetry of 43m,
¢, is given by

0 £ E
¢|=n"" E: 0 E, ()'9)
E E 0O

where ryy = ryy =y = ryyy, and E,, E, and E, are the
three components of the amplitude of the space-charge
field.

Substitution of the index grating equation (56) into
Maxwell’s wave equation leads to the following set of
coupled equations:

d i

‘LA me[I‘,,B + 0,.8,]
(4,8 + A,B) cos 8)/1,

d

L
&8’ T [Tud, + T,.4,)

- (AB, + AT B, cos 6)/1,

t
p 2—5';4"’“",8, + l,wﬂ,l

(4,8} + AB) cos 8)/1,

87 A v )
(A8, v A} B, cos 8)/1, (60)
where
T = Vet (61)
and
F,= b)) = 5505, (62)

and §,. B, are the : components of the wave vecton

As indicated by the subsenpts, U,'s are the couphing
constants between the ith and pth polanzed waves Thus,
Uy and T, are the parallc! coupling constants, and 'y,
e a1e the cross-coupling constants.
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A similar set of equations had been derived by previous
workers and exact solutions were obtained for the case of
codirectional parallel coupling {34]). Here we focus our
attention on the case of cross-polarization coupling. In
cross-polarization coupling, the s component of beam [ is
coupled with the p component of beam 2, and the p com-
ponent of beam 1 is coupled with the s component of beam
2.

8. Codirectional Cross Coupli. ¢

To illustrate the use of the coupled equation (60), in the
case of codirectional cross coupling, we consider a spe-
cial case in which the crysual orientation does not aliow
the paraliel coupling to occur. Such a two-beam coupling
configuration is shown in Fig. 7(a). The two beams enter
the crystal in such a way that the grating wave vector is
along the [ 110] direction of the crystal. In this configu-
ration, the unit vector ¥ is parallel to {001} and the unit
vectors p,, p; are perpendicular to {001 }. The amplitude
of the induced index grating ¢, can thus be written, ac-
cording to (59).

001
1
=—=n"y| 0 0 | |E¥ (63)
€ Jz‘ 4}
110

where E* is the amplitude of the space-charge field.
According to (63) aad (62), and after a few steps of
algebra, the coupling constants can be written

r,=Tl,, =0 (64)
Ty = [,, =Ty =T, = (20/A) R E* cos (6/2)
(65)

where we assume that the beams enter the crystal sym-
metncally such that

B. = 8, = (2x/M)ncos (8/2). (66)

We now substitute (65) and (66) into the coupled equa-
tion (60). This leads to

>
"

~vE,(4,8 + A, B} cos 8)/l,

Ala

&=
t

14,(A' B, + A B, cos 6)/1,

s —yB,(4,B + 4,8 cos 8)/1,

Rla Bla Ala
>
[

© 34,(478, » 4B, c0s 8)/1, (61)

~»

where we have ahea ¢ = ¢ /2, and y 18 real and a3 grven
by
b 5(2'/X)R’I"£' (68}

We notice from the coupled equation (67) that there afe
two coatnbutions 1 the holographi inder gratiag The
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Fig. 7. (a) A configuration for codirectional ¢ross polarization coupling in
8 cubic crynal of poiat group symmatry 43m. (b) a configuration for
contndirectional cross polarizatioa coupling in the same class of crys-
tals

relative phase of these two contributions is very important
because it detennines whether these two pans enhance or
destroy the index grating. Such a relative phase is deter-
mined by the relative phases of the four amplitudes. Thus,
the energy exchange among the four waves depends on
the input polarization states.

We now derive the solutions of these coupled equa-
tions. According to (67), the total intensity /, is a constant
(i.e., independent of z). Thus, it is convenient to nor-
malize the beam amplitudes such that /, = 1. Here, re-
member that we neglect the material absorption in the
coupled equation. We will obtain the closed form solu-
tions of these coupled equations for the case of no ab-
sorpion. In the case when the material absorption cannot
be neglected, the solutions are obtained by simply multi-
plying an exponential factor accounting for the absorp-
tion. This is legitimate provided that all four waves have
the same attenuation cocfficient.

To obtain the solutions of the coupled equation (67), it
is useful to employ some of the constants of integration
which arc given by

AA’ + BB = ¢ (69)
A,A) + BB = ¢, (70)
A4 + B'E, = ¢, (71)

AB, - AB, = ¢, (12)

Using a change of vaniable similar to that used in {34) aad
{35]. the coupled equations can be writtcn

d
—g= =y(glcrcon 8 ¥ go* - ¢,)

7
= (73)
d v
Wt e fo - e) (1)
whete
/= 4,/4. g =818 (13)
65 ¢y = ¢y K @ (76)

Esquatioas (73) 3ad (74) ¢ a e inteprated, and the e
sults are

JuAa/a c]-0+. un(-q:/2+ C)]/

(2¢, con #)
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g8 =8,/B, = [-0" + ¢* anh (¢"yz/2 + C")}/
(2¢; cos &) (717)
with
(78)

where C and C’ are constants of integration which are
determined by the boundary condition at 2 = 0.

Once fand g are known, the intensity of all four waves
is given by

q’ = ‘C.C] + 0:

|1e = | feles

ol ‘- 3 z

o - L2l

4r - l1(;'11” e
- A e

We now consider a special case of particular interest in
which the cubic crystal is sandwiched between a pair of
cross polanizers. Such a configuration ts useful to elimi-
nate unwanted background radiation which often causes
noises in the detection of signals. The boundary condi-
tions in this case may be taken as

4,(0) = B,(0) = 0. (80)

Using (71) and (75)-(78), we have f(0) = g(0) = 0, ¢,
= 0, and ¢ = 0, and the sclutions become

_qanh (¢y2/2)

/= 2¢; cos 8
. e (¢r2/2)
- 2¢; eon B (81)

where ¢ = 2 \’f;.:;
Taking 8 = 0, and unag (79). the 1atensity of the four
waves Decostes
1
¢ - LI
1+ wah’ (¢y2/2)
. und’ (¢y:/2)
Y1 e ank! (ye/?)
1
€ N
1oy wah {(¢y2/2)
e /)
Y1y e (h2/2)
where ¢, = A4, (0) ], ¢, = [B,(0)]° Fig B{a)shows the
vanauoa of thess 1tenstics 1 fusktiom of posttia for

the case ot ¢, /e, = 0 1. We note thar for straag coupling
tyl >> 1), oae-half of the incudent pump caergy 4,(0)

|4} =

l4.1" =

|8 =

8,1 < (82)
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Fig & Iarenany of the four waves are plutied 8y fuactivas of duatsae for
warus BRCEACtA shustiony  (a) Bt aculent deams aee » pulsazed
tre (AL0) = B,i0) = 0.¢,/¢, = 0 1) (») The pump deasn it Lia
casty polacited at aa acubuth angiv of O iclatine o the & dutution, ant
e ugeal beash i r-patarized, ¢, /6, = OO

s coupled 10 the p componcat of the sigaal beam &, and
onc-half of the incident aigasl eacegy 8,(0) 15 coupled to
the p componcnt of the pamp beari As a feaslt of the
uppoaite ugas 1n the wave amplitudes (f < 0), the two
contnibutivas to the inder prating tead to candel each
othet Thus, when the encegy of the p componcats teaches
oac half of the 1ncideat eacepics, the couphing ¢easar

It 13 poauble that the p component of the sgaal deaet
&, wcerves most of the incudent pump encegy 4, Fig
B(b) allusteates 3 case 1a which the pusmp Beam has Both 1
and p componcnts, whereas the signal deam 1« palye-
ed We acte that for strong coupling (YL >> 1), st
of the eactpy of i 3 compoacat of the pump beam i
voupled to the p compoacnt of the sagnal bearmt The ava-
reciprocal teansfer of cactgy 1 veey samulat o that of coa-
veatwas! two-wave auing
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The exact solutions of (77) and (79) are useful when
the coupling is strong (yL >> 1) and the energy ex-
change is significant. For the case of weak coupling (yL
<< 1), or very little pump depletion, we may assume that
the pump beam amplitudes (4,, 4,) remain virtually un-
changed throughout the interaction. Under these condi-
tions, the coupled equations become

d
d—z B, = yaB, + ¥bB,

(83)

d
Z’: B, = ycB, + vdB,

where a, b, c, and d are dimensionless constants and are
given by

[4,]" cos 8/1,

b= 4,4/l

a

¢ = AA; cos b/l,
d =4/,

We note that the magnitude of all four of these constants
is less than unity.

The coupled equation (83; can be easily integrated and
the results are

B(2) = {[8B,(0) + aB,(0)] exp [( + )]
+ [cB,(0) - aB,(0)]} /(b + ¢)

B,(z) = {é[bB,(O) + aB,(0)] exp [(b + ¢)vz]
— b[cB,(0) - a8, (0)}}/[a(b + ¢)]

where B,(0) and B,(0) are the amplitudes of the signal
beams at z = 0.
If we set B,(0) = 0 in (85), we obtain

B,(z) = B,(0)[b®*9 + ¢]/(b + ¢)
B,(2) = B,(0)bc[e®* 9 ~ 1]/[a(b + ¢)]. (86)

(84)

(85)

If we assume further that yz << 1, (86) can be written
approximately as

*

APA‘
BJ(Z) = B:(O) + B:(O)_l__' T

o
4]
B,(2) = B,(0) 7= vz (87)
o

We note that the amplitude of B, may increase or decrease
depending on the polarization state of the pump beam A,
whereas the amplitude B, is an increasing function of yz.
In the above derivation, a spatial phase shift between
the index grating and the intensity pattern was assumed to
be exactly x/2, which corresponds to the case of pure
diffusion (i.¢., no externally-applied static electric field).
In the event when the spatial phase shift is not x /2, (69)-
(72) are still valid and exact solutions are still available.
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They are given by
f=A4,/4, = [-0 + quanh (ieqyz/2 + C)]/

{2¢; cos 6) (88)
g=B,/B,=[-0" + ¢* unh (ic*q*vz/2 + C')]/
(2c; cos 6) (89)
where ¢ is an exponential factor given by
e = exp (i¢). (90)

We note that the solutions are formally identical to the
previous case, except the complex phase factors ie* and
—ie in the argument of the transcendental function. De-
viation from ¢ = x /2 is known to occur in nondegenerate
two-wave mixing [see (46)}. Such a deviation for the case
of degencrate two-wave mixing has been observed in ox-
ide crystals such as BaTiO; and Srg ¢Bag (Nb,Og [36].

For the special case of particular interes: in which the
cubic crystal is sandwiched between a pair of cross po-
larizers, the boundary conditions are given by (8). Using
(71) and (75)-(78), we have f(0) = g(0) =0, ¢; = 0,
and ¢ = 0, and the solutions become

_ g anh (ieqyz/2)
2c,cos §

f

_ g tanh (ie*qyz/2)
£ 2¢5 cos 6

(1)

where g'= 2V¢yc,.
Consider the special case of ¢ = 0. The solutions (91)
become

Felgtn (912/2)
2¢c  cos 6

_ ig tan (gv2/2)

2cy cos 6 (92)

Taking 6 = 0, and using (79), the intensity of the four
waves becomes

|4, = ¢ cos” (qr2/2)
|41 = c;sin? (qv2/2)
]B,I2 = ¢, cos® (gqyz/2)
|8, = cysin’ (qv2/2) (93)

where ¢; = |4,(0)]%, ¢; = | B,(0)|%. Note that the in-
tensities of these waves are periodic functions of z. This
is distinctly different from the case when ¢ = = /2. The
case of ¢ = 0 corresponds to a pure local response of the
material. Although the energy is exchanged back and forth
between A, and B, as well as between A, and B,, there is
no nonreciprocal energy transfer. In other words, there is
no unique direction of energy flow as compared with the
case when ¢ # 0. For cases with 0 < |¢| < x, nonre-
ciprocal energy transfer is possible according to our so-
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lutions (88) and (89) with maximum energy transfer at ¢
= 471/2.

C. Contradirectional Cross Coupling

Referring to Fig. 7(b), we consider a case of contradi-
rectional coupling which does not permit the parallel cou-
pling to occur. The two beams enter the crystal in such a
way that the grating wave vector is along the {001] di-
rection of the crystal. In this configuration, the unit vector
5 is parallel to {010] and the unit vectors §,, p, are per-
pendicular to {010]. The amplitude of the induced index
grating ¢, can thus be written, according to (59),

010
e=nrgl 1 0 0]}E*
000

where £ is the amplitude of the space-charge field.
According to (62) and (94), and after few steps of al-
gebra, the coupling constants can be written

(94)

rxs = I-‘p:p: =0
F:pl = rpu = Pxp* = Fp)s = n‘r"Ex cos (0/2) (95)

where we assume that the beams enter the crystal sym-
metrically [see Fig. 7(b)] such that

By = —By = —(2x/N)ncos (8/2).  (96)
We now substitute (95) and (96) into the coupled equa-
tion (60). This leads to

d
— A, = yB,(A,Bf + A,B; cos )/,

d
d *
c—i_B = yA, (A} B, + A} B, cos 6) /I,

d
% A, = vB,(A,B} + A,B} cos )/,

d
% B, = yA,(Al B, + Ay B, cos 8)/1,

where we have taken ¢ = x /2, and v is real and is given
by

(97)

= {2 /N)nPry B (98)

Notice that the coupled mode equation (97) is similar
to that of (67), except for the signs. The difference in signs
is due to the direction of propagation of the pump beam
(A A,). As a result of this difference, the total intensity
1, is no longer a constant. According to (97), (A} A, +

> A, — B B, — B, B,), which is proportional to the net
Poynting power flow along the +z direction, is a constant
[37]. There are other constants of integration. These in-
clude

A:AJ-‘BI’.BP:Cl
»A, — BB, — ¢
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A,A; - B,B; = C3

A,B, - A’,B’, = 4 (99)

Because [, is not a constant, the integration of the cou-
pled cquation (97) is not as simple as that of (67). As of
now, there is no closed form solution available. However,
numerical techniques can be used to integrate the coupled
equations.

For the case of no pump depletion, we may treat A, and
A, as constants. In this case, the coupling equations for
B, and B, are identical to those of the codirectional cou-
pling, and the solutions are given by (85) and (86).

In summary, we have derived a general theory of the
coupling of polarized beams in cubic photorefractive
crystals. As a result of the optical isotropy of the crystal
and the tensor nature of the holographic photorefractive
grating, cross-polarization energy coupling occurs. Exact
solutions for the case of codirectional coupling are ob-
tained. Such cross-polarization coupling may be useful for
the suppression of background noises.

D. Cross-Polarization Two-Beam Coupling in GaAs
Crystals

Cross-polarization two-beam coupling has been ob-
served in GaAs crystals recently. The experimental re-
sults are in good agreement with the coupled-mode theory
presented earlier {31]-[33].

In a contradirectional two-beam coupling experiments

‘as described in [33), a 1.15 pm beam from a He-Ne laser

is split into two by a beam splitter. The two beams inter-
sect inside a liquid-encapsulated Czochralski (LEC)
grown, undoped, semiinsulating GaAs crystal from op-
posite sides of the (001) faces [see Fig. 7(b)]. The inter-
secting angle of two beams is approximately 168°. The
wave vector of the induced index grating is along the
[001] crystalline direction.

One beam, B, is polarized along the {010] direction (s-
polarization) using a polarizer, which fits the condition of
B,(0) = 0. The other beam, A, is transmitted through
another polarizer (along the { 100] direction), followed by
a half-wave plate, which is used to vary the polarization
of the pump beam. The power of beams A and B is 80
mW /cm?and | mW /cm?, respectively. The GaAs crystal

“is 5 mm thick. The gain coeflicient of the crystal mea-

sured with the regular beam-coupling configuration is
about 0.1/cm. These values fit well with the conditions
of no beam A depletion and yL << 1, which are used to
derive (87). A mechanical chopper, which operates at 100
Hz, is used to modulate beam 4. An analyzer is placed in
front of a Ge photodetector. The analyzer is used so that
the intensity of both the s and p components of transmitted
beam B can be measured. The signal from the photode-
tector was amplified by a current amplifier, whose output
can be used as the dc component of | B,(L)|>. A lock-in
amplifier is used to measure the ac component of | B,(L) |*
and | B,(L) %

According to (87), the beam intensities can be written
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18,(L)|" = [BO)['[1 + (sin2¢)9L] (100)
18,(L)" = |B,(0)] [(cos ¥)(+L)'}  (101)

where | B,(0)}? is the intensity of beam Batz = O and ¢
is the angle between the 5 vector and the polarization di-
rection of beam A. In addition, we have used the intensity
of beam A to be approximately equal to /, and neglected
the (-7/1.)2 term in the first equation of (87). There are sev-
eral mtcrcstmg features in (87) which should be pointed
out. { B,(L) |’ may increase or decrease depending on the
polarization state of the pump beam A, whereas | B,(L) |2
is an mcrcasmg function of L. Both |B,(L) |2 and
|B, (L)|? are independent of 6. The ac component of
[B (L) {? has a function of sin 2y which has a maximum
at ¢y = 45° and a minimum of ¢y = 135°, whereas
{B,(L) !2 is a function of (cos ¥)* and has maxima at ¢
= 0 and 180°. These features have been validated with
experimental data {33].

In addition, it is observed that the maximum value of
|B,(L) |2 is smaller than the maximum ac component of
ﬁB (L) }* by a factor of 0.052. From (100) and (101), it
is clear that the factor of 0.52 is yL. This leads to y =
0.104 /em, which is practically the same as the v of the
sample measured by a regular beam-coupling technique.

In codirectional interaction configurations, the output
of a CW Nd:YAG laser beam was used [31]. A laser
beam operating at 1.06 um was split into two by a beam
splitter and then recombined inside a semiinsulating (un-
doped) GaAs crystal. The beam diameter of both beams
was about 1 mm just before entering the crystal. The in-
tensities of the pump and the probe were about 1 W /cm?
and 10 mW /cm?, respectively, and the angle between the
beams was 90° outside the crystal. A neutral density filter
was used in the probe beam to achieve the desired inten-
sity ratio between the pump and the probe. The half-wave
plate X /2 was used in the pump bcam to control the initial
mixture of the 5 and p components. Also, a chopper was
used to modulate the pump beam at about 100 Hz. Fi-
nally, the probe beam transmitted through the crystal was
analyzed by a polarizing beam splitter, and the p and s
components were simultaneously monitored indepen-
dently by two photodetectors. Various polarization states
of the pump beam were achieved by rotating the half-wave
plate,"while both | B,(L)|* and | B, (L) |* were monitored
simultaneously. There is good agreement between the ex-
perimental data and the theoretical calculations.

The coupling coefficient can be calculated from (100)
and (101). One can solve for the couplm§ ¥L by takin;}x
the ratio of the measured value of | B,(L)|" and | B,(L)|
at y = 0. Using the measured interaction length L of 0.5
cm, we have calculated the cross-polarization coupling
coefficient v to be about 0.4 cm™'. This value is consis-
tent with the gain coefficient measured for parallel-polar-
ization coupling in the same sample. According to the
theory, the gain coefficients for both parallel- and cross-
polarization coupling should be the same. The coupling
coefficient of ¥ = 2.6 cm™' has been observed recently
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in a sample of GaAs crystal {38]. Using moving fringes
in the GaAs/Cr crystal, an even higher coupling coefhi-
cientof y = 6 ~ 7 cm™ has also been reported {39).
Such coupling coefficients allow the possibility of net gain
(amplification) in two-wave mixing.

IV. KeErr MEeDIA

In the above discussion, we notice that the nonlocal re-
sponse (i.e., ¢ # O) in photorefractive media plays a key
role in the nonreciprocal energy transfer. The existing
materials such as BaTiQ;, LiNbO;, SBN, BSO, BGO, etc.
are very slow and are also effective only for visible light.
Photorefractive crystals such as GaAs, CdTe, GaP, InP,
and other semiconductors are faster and are also effective
in the near-IR spectral region [25], {26]. However, for
high-power laser application, these solids are no fonger
useful. Gases or fluids, because of their optical isotropy
and local response, have never been considered as can-
didate materials for degenerate two-wave mixing. In what
follows, we show that nonlocal response in gases or fiuids
can be antificially induced by applying an external field or
simply by moving the media. Using such a concept, gases
or fluids become the best candidate materals for high
power laser beam coupling. Energy coupling also occurs
in stationary media when the frequencies of the two beams
are properly detuned, as in SBS and SRS.

A. Two-Wave Mixing in Kerr Media

The concept of using moving gratings in local media
for energy coupling was first proposed in 1973 by a group
of Soviet scientists {41]-{44]. It was recognized that a
spatial phase shift between the index grating and the light
intensity pattern can be induced by moving the grating
relative to the medium. Such a spatial phase shift is a re-
sult of the inettia (temporal) of the hologram formation
process and leads to a nonreciprocal energy transfer. If
the formation time of the hologram is finite, a spatial phase
shift occurs when the intensity pattern is moving relative
to the medium. In addition to the phase shift, such a mo-
tion also leads to a decrease in the depth of modulation of
the induced index grating. Several possibilities of achiev-
ing such a spatial phase shift have been proposed. These
include moving the medium itself relative to a thermally
induced grating {41], using the Lorentz force to move free-
carrier grating in a semiconducting medium [45], and
nondegenerate two-wave mixing in which a frequency
shift between the beams results in a moving grating [46]-
[49]. It is important to note that a temporal phase shift
itself is not enough for energy coupling. The induced in-
dex grating must be physically shifted in space relative to
the intensity pattern in order to achieve energy coupling.

It is known that the Kerr effect in gases or fluids is a
local effect. In media with local response (¢ = 0), there
is no steady-state transfer of energy between two lasers of
the same frequency. In what follows, we will show that
nonlocal response can be induced by moving the Kerr me-
dium relative to the beams. Such an induced nonlocal re-
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sponse is only possible when the material response time
7 is finite.

The propagation of electromagnetic waves in media
possessing a strong Kerr effect is one subject of long and
sustained interest. A number of interesting phenomena
manifest themselves at high incident beam powers. This
includes self-phase modulation, mode-locking and self-
focusing. The effect is described by a dependence of the
index of refraction on the electric field according to

n=n, +n{E) (102)

where n, is the index of refraction, n; is the Kerr coeffi-
cient (see Appendix A), and { E2) is the time average of
the varying electric field.

Consider the case of degenerate two-wave mixing. The
time average of the electric field, is given by

(E'Y = EX[1 + cos (K - F)] (103)

where we assume E, = A, = A,. The index of refraction,
according to (102) and (103), is given by

(104)

Comparing (104) with (103), we note that the response is
local and there can be no energy coupling, even if n, is
complex.

Using the interference of two beams with different fre-
quencies, a moving fringe pattern can be obtained inside
the medium. As a result of the finite temporal response - :f
the material, a spatial phase shift exists between the in-
duced index grating and the intensity pattern. Such a finite
phase shift leads to energy transfer between the beams.
Coupled-mode analysis has been used to study the beam
coupling in these media [40]. In what follows, we de-
scribe the coupling of two beams with different frequen-
cies in the codirectional configuration.

Inside the Kerr medium, the two waves form an inter-
ference pattern which corresponds to a spatially periodic
variation of the time-averaged field { E?). In a Kerr me-
dium, such a periodic intensity produces a volume grat-
ing. Thus, the problem we address is most closely related
to the phenomenon of self-diffraction from an induced
grating. The formulation of such a problem is very similar
to that of the holographic two-wave coupling in photore-
fractive crystals [8], [9], [12]. However, there exists a
fundamental difference between these two types of two-
wave mixing. In photorefractive media, the index modu-
lation is proportional to the contrast of the interference
fringes, whereas in Kerr media the index modulation is
directly proportional to the field strength. Thus, in Kerr
media the coupling strength is proportional to the beam
intensities, whereas in photorefractive media the coupling
strength is determined by the ratio of beam intensities.

Let the electric field of the two waves be written

n=n, +mE[1 + cos (K- F)].

E = A exp [i(wr - E,- Y j=1,2 (105)

where w,’s are the frequencies and f,‘s are the wave vec-
tors. In (105), we assume for simplicity that both waves
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are s-polarized and the medium is isotropic. We further
assume that no optical rotation is present in the material.
A, and A, are the amplitudes and are taken as functions
of z only for a steady-state situation. The z axis is taken
normal to the surface of the medium (see Fig. 9).

In the Kerr medium (from z = O to z = L), these two
waves generate an interference pattern. Such a pattern is
traveling if v, # w,. This interference pattern is de-
scribed by ( E2 ), where E is the total electric field

E=E 4 E (106)
and the averaging is taken over a time interval T such that
T > 1, T > 1 (107)

and
[0 — 0 |T << L (108)

Using (E?) = §Re (E*E] and (105) and (106), we ob-
tain

2
|

(B = f{lA] + |4 + af ape KD

+A,A;e"‘“"&"’} (109)

where
=w - @ (110)
K=k ~ &, (111)

This interference pattern {(109)] induces a volume index
grating via the Kerr effect. In general, the index grating
will have a finite phase shift relative to the interference
pattern because of the time-varying nature of the pattern.
Thus, we can generalize (102) and write the index of re-
fraction including the fundamental components of the
Kerr-induced grating as

n=n,+ An, + §{n,e® A A" 5 1 cc.}

(112)

where both ¢ and n, are real and An, is a uniform change
in index. Here again for the sake of simplicity we assume
a scalar grating. The phase ¢ indicates the degree to which
the index grating is temporally delayed (or spatialiy
shifted) with respect o the interference pattern. Generally
speaking, both n, and ¢ are functions of Q2.

Here, ny exp (i¢) can be regarded as a complex Kerr
coefficient. The finite phase shift is a result of the finite
response of the material. A complex Kerr coefficient cor-
responds to a complex third-order nonlinear optical po-
larizability. It is known that the imaginary part of the
third-order nonlinear optical polarizability is responsible
for phenomena such as stimulated Brillouin scattering and
stimulated Raman scattering [3). Thus, we expect that the
complex Kerr coefficient induced by moving gratings will
also lead to energy coupling between the two waves,

‘To illustrate the physical origin of such a finite phase
shift, we will now examine a classical model. In this
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Fig. 9. Schematic drawing of two-wave mixing in Kerr media.

2 =L

model, we assume that the formation of the holographic
grating is instantancous and the decay constant 7 is finite.
When the two waves are degenerate in frequency, a
steady-state nonlinear response is described by (102)
without phase shift. In the case of nondegenerate two-
wave mixing, the intensity fringe, as described by (109),
is moving in the nonlinear medium at a constant speed.
The steady-state value of the self-induced index change
must be derived from a treatment which considers the fi-
nite response time of the medium with respect to the dis-
placement speed. Let the decay of index change be ex-
ponential, then the steady-state index change can be
written

1

An = % Ny S (E¥ 1)) =" dr  (113)

where ny is the value of index change for the degenerate
case.

Integration of (113) yields the following expression for
ny, exp (i¢): ’

n

= Ny eXp (l¢) = 1 +2(:'QT. (114)
Note that the finite phase shift is related to the motion of
the intensity pattern relative to the nonlinear medium. In
addition to the finite phase shift, the motion of the fringe
pattemn relative to the medium also causes the index mod-
ulation to increase. According to (112) and (114), the in-
dex grating is spatially shifted relative to the intensity pat-
tern by

¢ = —tan”' (Q7) (115)

where we recall that 7 is the response time of the medium.
1) Codirectional Two-Wave Mixing: Now, by using
(112) for n and the scalar wave equation and by using the
parabolic approximation (i.e., slowly-varying ampli-
tudes), we can derive the following coupled equations:

d winy 2

— A = - Ll it

ah = i lala

d winn, . )

— A, = -] ——a i i

a: 2 i 2kzc2 4 lAll Az (116)

where we assume that w; = w, = w, and &, is the z com-

nent of the wave vectors (i.e., k, = k, cos 46 = &, cos
r;). The parameter @ is the angle between the two beams.
In (116), we have neglected the term An, .
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We now write
A = Ve ™, Ay = Jhe (117)

where ¥, and ¥, are the phases of the amplitudes A, and
A;, respectively. Using (116) and (117), the coupled
equations (116) can be written as

d

zll = "'8I|12"'al|

i1-1 =gll — al {118)

dzz-glz aly
and

d

21’4’1 =Blz

d

E%=le (119)
where

2

L3 .
g-mnzsmct, 0=<6< /2 (12)

B (121)

L3

" Acos (8/2)  €0S .
In (118), we have added the attenuation term due to bulk
absorption. The parameter « is the absorption coefficient.
Note that beam 2 will be amplified, provided gl, > a,
according to (118). Also notice that the coupled equations
(118) are exactly identical to those of the stimulated Bril-
louin scattering and stimulated Raman scattering. Solu-
tions for the lossless case had been derived by previous
workers [2]. We now derive the solution for the case of
lossy nonlincar medium. Using the classical model men-
tioned above, beam 2 will gain energy from beam 1, pro-
vided that the phase shift ¢ is positive. Thus, according
to (115), the low-frequency beam will always see gain.

The coupled equations (118) can be integrated exactly,
and the solution is (see Appendix B)

-1
() = 1(0) L e
1+ m'exp [Z; (1~ e"‘)]
(122)
h(z) = h(0) L e
1+ mexpP(l - e"“')}
a
(123)
where m is the input beam ratio
5(0)
ms= 1(0) (124)
and « is given by
v = g[1(0) + K(0)]. (125)
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Substituting (122) and (123) for /, and /,, respectively,
into (119) and carrying out the integrations, we obtain

vi(z) = ¥i(0)

1 +m™!
= = log
1+ m exp [i (1- e'“‘)]
(126)
and
¥a(2) - ¥ (0)
B8 14+ m
= —=log .
g 1 +mcxp[§(l—-e"")}
(127)

Note that according to (126) and (127), the phases of the
two waves are not coupled. In other words, these two
waves can exchange energy without any phase crosstalk.
Such a phenomenon has been known in stimulated Raman

scattering for some time, and can be employed to pump a .

clean signal beam with an aberrated beam. Here, the re-
sult can be applied to more cases, including forward stim-
ulated Brillouin scattering.

If we neglect absorption (i.e., @ = 0), then /;(z) is an
increasing function of z and /, (2) is a decreasing function
of z, according to (122) and (123), provided ¥ is positive.
Transmittance for both waves for the lossless case, ac-
cording to (122) and (123), is

T ﬁll(L)"' i """_l
PTL0) 1 +mexp (vL)
_ lz(L) = 1l +m
I = L{0) 1 + mexp(yLl) (128)

where m is the incident intensity ratio m = [,(0)/1,(0).
Note that Ty > land Ty < 1 for positive . The sign of
« is determined by the sign of n; and the phase shift ¢.
Interestingly, these expressions are formally identical to
those of the photorefractive coupling. The major differ-
ence is that the y for Kerr media is proponional to the
total power density of the waves, according to (125).

Fig. 10 illustrates the intensity variation with respect to
¢ for the case when g = 10 cm/MW, a = 0.1 cm™,
1,(0) = 100kW /em?, and /;(0) = | kW /cm®. Note that
even with the presence of absorption, the intensity of beam
2 increases as a function of ¢ until 2 = /., where the gain
equals the loss. Beyond ¢z = [, the intensities of both
beams are decreasing functions of 2.

Similar results were obtained earlier by other workers
in a study of stimulated scattering of light from free car-
ners in semiconductors {S0).

According to (114), (115), and (120), the gain coeffi-
cient g is a function of the frequency detuning and can be
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Fig. 10. Intensity variation with respect to z in the Kerr medium.
written

_ 21’”20 . -Qr
$ 7 Neos(6/2) 1+ (ar)

where we recall that Q@ = w, — w, is the frequency detun-
ing and r is the grating cecay time constant. We notice
that the gain coefficient is positive for the beam with lower
frequency provided that ny, is positive. Such a gain coef-
ficient is maximized at O = +1. Such a dependence on
frequency detuning can be used to measure the time con-
stant 7. Some experimental works will be discussed in
Section IV-E.

2) Contradirectional Two-Wave Mixing: We now con-
sider the case of contradirectional two-wave mixing in
which beam | enters the medium at z = 0, and beam 2
enters the medium at z = L. The coupled-mode equations
for the beam intensities can be obtained in a similar man-
ner and are written

(129)

d
Z L = —ghhh - al,
_‘i Iz = "8I|’2 + 0]2 (130)
dr
where the intensity gain coeflicient g is given by
2 .
T nsing, x/2<0sr (131)

&= Nsin (6/2)

We notice a shight diflerence between the two cases as
compared with (120) for the codirectiona! coupling. Here,
we recall that 8 is the angle between the positive direction
of the two wave vectors. Thus, for codirectional cou-
pling, the angle 6 is always less than 90°, whereas x /2
< 6 < ¥ for the contraditectional coupling. This is a
result of the boundary condition in which we assume that
the waves and the medium are all of infinite extent in a
plane perpendicular to the 2 axis.

Solutions of (130) for the case of lossless medium are
given by
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I(z) - l-»p
1(0) 1 = pe#=

"“-v-\ { -

hiz)  1-p

=L 132
L0) = e =5 (132)

Anker =

where o and p are constants and are related to the inten-
sitiesatz = 0,

2(0)

= —

1,(0)
o = 1,(0) - 5(0). (133)

The constant ¢ may be regarded as the net power flux
through the medium.

The solutions of (132) are expressed in terms of /,(0)
and /;(0), which are not input intensities. In the contra-
directional coupling, we note that the incident intensities
are [,(0) and I, (L).

For interaction L, such that goL >> 1, the intensity
growth for beam 2 is exponential and is given by, accord-
ing to (124),

- ll(L) gol
12(0) (l . p) et .
In SBS, I,(L) is virtually zero and represents imtensity of
noises or scattered light. The parameter p = [;(0)//,(0)
is the phase-conjugate reflectivity of the SBS process.iIt
is always less than unity for two reasons. First, in SBS
there is no beam 2 incident a1z = L; therefore, p < 1 is
required by the conservation of energy. Second, the ex-
ponential gain per unit length go is proportional to the
power throughput. A reflectivity of p = 100 indicates a
zero power flux and consequently zero gain.

(134)

B. Electrostrictive Kerr Effects

The Kerr effect arises from several physical phenom-
ena. These include molecular orientation, molecular re-
distribution, third-order nonlincar polarizability {3), elec-
trostriction, and thermal changes. In liquids such as CS;,
contnibution to the Kerr effect is dominated by the elec-
trostriction.

The coupling of two electromagnetic waves via elec-
trostriction has been known for some time and is respon-
sible for SBS. Although this subject has been studied ex-
tensively [S1]. litle attention has been paid to the
*‘photorefractive’” nature of such a process, which, we
belicve, can provide a great deal of insight into gencral-
izing the SBS process. For example, there exists a similar
spatial phase shift of 90° between the induced index grat-
ing and the light interference pattem in conventional SBS
(52]. Such a spatial phase shift of 90° is responsible for
the energy exchange between the incident wave and the
phasc-conjugated wave in SBS. In addition, sell-pumped
phase conjugation in BaTiO, crystals (S3], (54] is very
similar 1o the phase conjugation in SHS {55). {S6] The
spatial phase shift of 90° can be utilized in other SBS
configurations (¢.g., injected SBS at 8 # 180°). ta this
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section, we investigate the photoinduced index grating in
nondegenerate two-wave mixing and focus our attention
on the complex Kerr coefficient and the spatial phase shift.

Basic equations for the electrostrictive coupling be-
tween photons and phonons have been formulated and
several theoretical papers on SBS have been published
[51]). Mast of the earlier work was concentrated on back-
ward-wave coupling. Very little attention was paid to co-
directional nondegenerate two-wave mixing. The mathe-
matical formulation of such a coupling in Kerr media
including material absorption has been recently solved and
is described in Section IV-A. In this section, we focus our
attention on the derivation of the photoinduced index grat-
ing as well as the relation between the photoelastic coef-
ficient and the electrostrictive constant.

The electrostrictive pressure in liquids is given by

p= —{¥(E?) (135)

where (E?) is the time average of the varying electric
ficld and is given by (109), and « is the electrostrictive
coefficient which is defined as

-+(3)
Y Pap

where p is the density and ¢ is the dielectric constant.

As a result of the electrostrictive pressure according to
(135) and (109), a density wave in the medium is gener-
ated. By solving the isothermal Navier-Stokes equation
{51] we obtain the complex amplitude of the induced den-
sity wave as

(136)

! K’y v, k-K7)
- . y ’ ?
202—0‘,-—:'{21‘,""4-' (137)

where I, may be regarded as the resonance phonon fre-
quency and is given by
0‘ = pK

4 =

(138)

with v as the velocity of the acoustic wave, and Ty is the
inverse of the phonon lifetime and is given by

Ty = nk?/p
with 5 as the viscosity cocfhicient.
Using A¢ = 2n¢pAn and the definition of the electro-

strictive cocfficient equation (135), we obtain the lincar
relation between the index grating and the density wave

(139)

140
2nee, (140)

Using the complex number representation, the induced
tndex change can be written, according to (112),
An = me Al et kT (141)

Substituting (141) for Az and (137) for Ap in (140), we
obtain the following expression for the complen Kerr coef-

ficient:

3.2
l\f“ = \—A 2 .
: dnpep (I ~ O - AN,)

(142)
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Note that this complex Kerr coefficient is a function of the
frequency difference between the two waves. At reso-
nance @ = +Qp, the Kerr coeflicient is purely imaginary,
indicating a 90° phase shift between the index grating and
the intensity pattem.

The complex Kerr coefficient derived above is different
from the traditional one used in self-focusing and self-
phase modulation as described in [61]. The Kerr coeffi-
cient measured in those experiments may be regarded as
the dc Kerr coefficient and is related to that of (142) by
putting @ = 0. Such a dc Kerr coefficient is written

2
it
=0)= 0 4
ny( 0) m ¢ = (143)
where we recall that v is the acoustic velocity and p is the
density. At resonance (@ = +1,), the Kerr coefficient
becomes, according to (142),
2
Y Qg
b = - = 2 4
mre = () 6= tx2 (144
where the sign + depends on the sign of @ = w; - w,.
According to (120) and (144), we note that gain coeffi-
cient g is positive when w; < w,. In other words, the
beam with lower frequency always gains.
Notice that the magnitude of the Kerr coefficient at res-
onance is increased by a factor of

(145)

which may be regarded as the Q parameter of the acoustic
oscillation.

This parameter Q depends on the phonon frequency and
thus depends on the angle between the two beams at
acoustic resonance. According to (138) and (139), we ob-

tin
=P

Kk

The angular dependence is now oblained by using

(146)

K = 2k sin }6 (147)

where k = 2xn /N and 6 is the angle subtended by the
wave vectors of the beams. This leads o

pr !

)= 148
¢ Ik Gute (148)
which can abyo be watien
|
0= Qu (149)
RL

where Qggs s the O parameter for backward SBS with 4
= . For hquids such as CS,, (y,, is of the order of 100,
This parameter increases 3s 8 becomes small and can reach
a3 hagh as 10 0K

According to (144) and (149), the gain coctlicients at
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resonance also depend on the angle § between the beams.
For contradirectional coupling, the angular dependence is,
according to (149), (144), and (131),

1
(sin ;0)2

where we recall that x /2 < § < x, and ggs is the gain
cocfficient at § = =, and is given by (for = wy — w; =
Q)

£ = gses (150)

2r ¥ Q
88 = Y T (ﬁ) (1s1)
For codirectional coupling, the angular dependence is
given by {according to (149), (144) and (120)]

2

8 = 8s8s o

s
sin § (152)

where gggs is given by (151) and 6 is less than x /2 but
greater than O.

We note that the gain coefficient g increases signifi-
cantly for the codirectional case as § decreases. This high
gain may be difficult to observe because the phonons gen-
crated by two-wave mixing tend to walk out of the inter-
action region and thus reduce the resonance enhancement.

The electrostrictive Kerr effect and the photoe'astic ef-
fect are very similar in nature. Both are relatea to the
change of index of refraction as a result of the squeezing
of the medium. Consequently, these two coeflicients are
related. Such a relationship has been derived [62] and is
given by

_ nep

n =1 (153)

where B is the bulk modulus, p is the photoclastic coef-
ficient {1], and » is the index of refraction. Using the fol-
fowing relation:

(154)

where p s the mass density and p is the acoustic velocity,
the Kerr cocflicient can also be wntten

B = po?

(158)

" = }R,QQI’M:

(156)

R, = itoM;
where M, and Af, are the acoustooptic figures-of-ment [ 1),

{187)

C. Norlinear Optical Bragg Scattering

Acoustooptic Bragg scatering 15 a well-knowa phe-
nomenon and has been widely used for beam steenag,
beam modulauion, frequency shifting. and other applica:
tions. 1t s 3 physical process in which an incident lasee
beasm 1 scattered from an acoustic ficld. The scattered
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beam is shified in frequency by an amount which is ex-
actly the frequency of the acoustic field. In addition, the
scattered beam propagates along a new direction which is
determined by the Bragg condition [1].

If the Bragg cell is made of a nonlinear optical medium,
the traveling interference pattem formed by the incident
beam and the scattered beam may induce a volume index
gnating. Such a volume index grating will then affect the
propagation of these two beams. If the optical nonlinear-
ity of the medium is due to the electrostrictive Kerr effect,
then an additional sound wave can be generated due to the
two-beam coupling. This additional sound wave is added
to the applied acoustic field, and thus enhances the dif-
fraction efficiency under appropriate conditions.

From the quantum mechanical point of view, for each
photon scattered, there is one phonon generated or anni-
hilated depending on whether the frequency is down-
shifted or upshifted. In the case of frequency downshift,
there is one phonon generated for each photon scattered.
Thus the number of generated phonons is proportional to
the scattered intensity. For low intensity light, these ad-
ditional phonons are much smaller in number relative to
the phohons of the applied acoustic field. However, for
high-intensity laser beams, the number of generated pho-
nons can be much larger than those of the applied acoustic
field. The presence of these additional phonons effec-
tively enhances the acoustic field and thus increases the
diffraction efficiency.

Both acoustooptic Bragg scatiering and nondegenerate
two-wave mixing in Kerr media have been individually
treated by previous scientists (1], (40]. In addition, the
amplification of sound waves through the interaction of
two laser beams with different frequencies has been ob-
served experimentally [63]. The coupling between the
Bragg scattered beam and the incident beam due to Kerr
effect has recently been studied [64). Such coupling leads
to nonlinear optical Bragg scattering. In a Bragg cell with
a low acoustic ficld, the diffraction efficiency may be low
at low optical intensity. When the optical intensity is
above some threshold, the phonon regencrative process
leads to an avalanche in which all the photons are dif-
fracted. Here, we describe a coupled-mode theory of the
aoalinear optica! Bragg scattering in Kerr media. An ex-
st solution is obained for the monlinear diffraction effi-
ciency.

Coasider the nondcgencrate two-wave mixing in the
Bragg cell (see Fig. 11). If an acoustic field is applicd
such that the wave 4, is gencrated by scaticring of the
incident wave A, from the sound wave, then the condition
Q = 3K is automatically satisfied provided that the wave
A, is incident along 8 direction which satishics the Bragg
condition. Under these circumstances, the coupled-mode
equations that govern the propagatioa of these two waves
in the medium can be writica

d
— 4 v - jplal A, - i,
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Fig. 11. Schematic drawing of nonlincar Bragg scattering in Kerr media.

where « is the Bragg coupling constant {1] and g is the
Ker intensity coupling constant given by (120).

Note that the angle @ is twice the Bragg angle 6, (2k sin
6s = K). The phase ¢ is either +90 or —90° depending
on the sign of @ = w,; ~ w,. For the case when beam 2
is scattered with a frequency downshift (as shown in Fig.
11), the phase ¢ is +90°, indicating a gain for beam 2.

We again write

A = Vhe ™ 4y = Jhew (160)

where ¥, and ¢, are the phases of the amplitudes 4, and
A;, respectively. Using (160), the coupled equations can
be written

5 = 2Liy, = —gh by = 2ixJl e —¥)
’i - 2’)8&5 = ‘lklz - Zil'Q’glzf-‘“‘-h). (l6l)

respectively, where the prime indicates a differentiation
with respect 10 2.

By rowriting « as « exp ( —io) so that « is now a positive
number and splitting the real and imaginary parts, we ob-
tain

L= —ght, - 21,1, sin &Y (162)
L =gl - 2l sin AY (163)
and
vi = «(/1)" cos &Y (164)
Vi = o (0/1)'" eos Ay (163)
where
&y =¥, - ¥, + o (166)

Thesc equations are very similar 10 those that descnbe
mode coupling in ning laser gyros [63], (66). In fact, the
relative phase between the waves can be written, 3¢coed-
ing to (163}, (168)

av' = «[(h/0)'" - (1) ) eos &V (167)
which is similar to the well-known phase-coupling equa-
tions in nng laser gyrus. In our case, since the wave 4,

is geacrated by Bragg scattenng of the wave 4, from the
acoustic field, it is legitimate to assume that the phase of

& (138) A, is coanected 1o that of the incident wave 4,. Thus
d ) s Ay = w/2, /2 (16%)
— A = g4 - i 159
e A (139) are good solutions of (167).
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For g = 0, exact solution of the coupled equations (158)
and (159), subject to the boundary condition of 4,(0) =
0, yields a relative shift of Ay = x /2. We will take this
as the proper solution to (167). Substitution of Ay = /2
into (162) and (163) leads to

I‘ = "8l|12 - ZKVlllz
L =ghly ~ 2vi . (169)

The coupled equation (169) can be integrated exactly,
and the solution is

1,(2) = I cos’ u
(170)

where / is the incident intensity atz = 0 (i.e., [,(2) =/
and 5,(2) = O at z = 0), and u is given by [64]

tan (xzv1 - b')

l)(Z) = lsin2 u

tan u = 171
JT = b = bun (V1 - b) (1)
with
g 4
b= T L (172)

where ¥ = gl/and L is the length of interaction. We note
that b is a dimensionless parameter which is the ratio of
Kerr coupling to Bragg coupling. Equation (171) is valid
for all values of b. When the magnitude of b becomes
greater than | (ie., |b] > 1), VI - b becomes

ivh' - land an g Vi - ' becomes i tanh szb! - 1

We also note that « is a positive number as defined earlicer.
The Kerr coupling constant ¢ can be either positive or
negative depending on whether the frequency of beam 2
is downshifted or upshified.

We now examine the intensity vanation with respect to
¢ for various values of b. For & > 1, ;(2) reaches its
maximum value /{100 percent encrgy transfer) at distance

2such that tanh (2 VB ~ 1) = Vb® ~ 1/b. Beyond this
point, the intensity [, (z) decrgases and reaches its asymp-
totic value of 1/[2b(b — Vb' - 1)] which becomes /
when & approaches infinity.

For b = 1, 1,(z) reaches its maximum value Jat 2z =
1 /«. Beyond this point, the intensity /, (2) decreascs and
reaches its asymptotic valucof //2atz = o,

For 0 < & < 1, 4(2) is a periodic function of ; with
maximum value [ at points when tan (a2 vVl - d) =

1 = &°/b. The minimum value of /(2) is zero, which
occurs when tan (az vl — ') = 0. Note that manimum
or ummum occurs whea L )y = 0.

For —1 < b <0, L,(2)is ahw a periadic functioa of
: with manmum _ value 1 st pomts when tan
tazVl - ¥ = Vi - b:/b‘ Compared with the case 0
s & < 1, we note that it takes 2 loager intenaction leagth
for 1; 10 teach 1s manimum value because of the acgative
Kerr coupling Mimmym value of 1,(2) 1 2ero which also
occurs when Lan (o2 VI - b?) =0

For b = -1, },(2) s 3 monotoascally increasing fusc-
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tion of z with an asymptotic value of ,(z) = I/2at 2 =
o, Forb < -1, 13(z)isalsoa monotonically~incrcasin§
function_of z with an asymptotic value of I;(z) = I/(2b
~ 2bVb* = 1) at z = . Fig. 12 plots the intensity of
1;(2) as a function z at various values of b.

We now examine the diffraction efficiency which is de-
fined as

n=#2=sin1u (173)

as a function of intensity / (or b) for a given Bragg cou-
pling constant x and a length of interaction L. Fig. 13
plots the diffraction efficiency y as a function of the pa-
rameter b for various values of L. We note that for b >
0 (or g >0) the diffraction efficiency g is an increasing
function of intensity and can reach nearly 100 percent at
high optical intensities. The enhancement in the diffrac-
tion efficiency due to strong Kerr coupling can be em-
ployed for the steering of high-power lasers.

When b >> | and bkl >> 1, the asymptotic expres-
sion for the diffraction cfficiency is, according to (171)
and (173) .

n =1 — 4b% exp (—4xlb). (174)

We note that the diffraction efficiency approaches 100
percent exponentially at large b (high intensity). When b
approaches — o, the asymptotic form of the diffraction
efficiency is, according to (171) and (173)

= Zl; [V -2ep(-2Lb])]  (175)

According to (172) and (174), for small «L, high dif-
fraction efficiency occurs when yL >> 1 (orgil >> 1),
which cotrespoads to the Kerr regime. However, the dif-
fraction efficiency is zero when &l = 0, according to (171)
and (173).

Atb = 0, (173) reduces to g = sia’ L, which is the
familiar cxpression of the Bragg cell diffraction effi-
ciency.

For such nonlincar Bragg scatteriag to be scen, the Kerr
coupling constant must be comparablc with the Bragg
coupling constant. Thus the parameter b must be of the
order of 1. 1f b = | is used as an cxample, the Kerr in-
easity -couphing constant must be

¢l = &

We now take a Bragg coupling constant of « = | em™'

as an caample and use a nonhincar medium such as €S,
From the data avalable in [$1], the Kerr coupliag coa-
stant ¢ for a Bragg angle of 3° (8 = 10°) s ¢ = 1S
em /MW, and the mdio frequency required is 630 MMz
Thus, the optical stensity nceded for observation of a uig-
aificant noalincarity in Bragg scatiering. accordiag to the
above condition, is approvimately 2 7 MW /o',

The results show that diffractioa eiticiency 13 a aoaha-
car fuaction of the oplical wteanty and can be greatly
enhanced by increaniag the intenasity of the oplical wave.
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It can be used as a nonlincar device in which high-effi-
ciency diffraction only occurs when the optical intensity
is above a threshold.

D. $BS. SRS. and Photorefractive Two-Wave Mixing

Thus far we have discussed two-wave mining in pho-
wrefractive crystaly and Kerr media. In photorefractive
two-wave mising the frequency difficrence between the
two beams is 2ero or small (2 few Henz). For two-wave
miaing 1 Kerr modia o stimulated Ballovin scattenng
{SAS), the frequency differencs can be as large as a few
gigahe:z Encrgy exchange between two beams also oc-
curs i sumulated Raman scattenng (SRS) 2] The fre-
Quency difference between the beams in Raman scattering
is tn the nage of terahentz.

There are several common features amoag the three
types of two-wave minng. All thec types of wave mining
show noarcaprocal encrgy eachange without phase crosy-
tath In fact, of we eaamune thei coupled- made equations
(1%) and (116), we aotc that the mathematical formula-
tioas are very simalar A fundamental hifference eaists de-
tween theae types of twoowave minng Ia SHY and SKS,
the gaim cocthareat (1231 n peoponioaal 1o the total 1n-
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tensity, whereas the photorefractive gain coefhicient is in-
dependent of the intensity. Thus, for high-power appli-
cations, SBS and SRS can be efficient means for beam
coupling. In addition, the frequencies of the idler wave
are very different. In SRS, the idler wave is optical
phonon. In SBS, the idler wave is acoustic phonon. Also,
in photorefractive two-wave mixing, the idler wave is a
holographic grating. As a result of the finite frequency of
the idler wave, the coupled waves in these three processes
are different in frequencies. For SBS and nondegenerate
two-wave mixing in photorefractive media, the frequency
difference is small so that the two waves propagate at vir-
tually the same speed. In SRS, the large Stokes shift may
lead to a significant difference in the phase velocity of the
two waves due to dispersion. This may result in a phase
mismatch in the wave coupling.

The coupled equations for stimulated Raman scattering
are identical to those of the stimulated Brillouin scatter-
ing, except for the possibility of dispersion. In fact, it is
known that, like SBS, SRS also exhibits phase conjuga-
tion [67). The energy coupling in both SBS and SRS is
due to the imaginary part of the third-order dielectne sus-
ceptibility {2]. If we examine (10) and (13), we notice
that the energy coupling in photorefractive crystal is due
10 the out-of-phase term of the index grating. This spatial
phase shift is 90° in crystals such as BaTiO,;, which op-
erates by diffusion only. If we interpret the idler wave in
SBS and SRS as a traveling index grating, then the spatial
phase shift is also exactly 90° in resonant scattering [see
(142)}.

In view of the above discussion, we may generalize the
meaning of photorefractive effect to include other phe-
nomena such as the Kerr effect. In other words, the gen-
crahized photorefractive effect 1s a phenomenon in which
a change of the index of refraction is induced by the pres-
ence of optical beams. Thus, we may view SBS and SRS
a3 nondegencrate photorefractive (wo-wave mixing in
nonlincar media.

E. Experimental Work

It was shown eaclicr that encrgy transfor in two-wave
mixing requites a fimte spatial phase shift betweea the
intenuty patiern and the induced wnder grating. Ia Kerr
media where the response is local, such 3 spatial phase
shift can B¢ induced by the use of moving gratings an the
medium. Thus, encrg) transfet is possible v noade-
geacrste two-wave muning i Keee media

Although the coacept of using moviag gratiags 1 local
mediz for the encrg) couphing botweca two beamsy had
been supgpested in the 1970°s {41]-[19]. no eapenmental
resels were reponted wanl recently . In 1936, a sweady
transfee of encrgy was obacrved 1a 3 two.ware sunng
capenment in atormus sadiuss vapor [63] Ia that eapen:
ment, 3 Ak -pomped dye laser wai vsed to pump 3 cell
of sodivm vapor that was inxcnted Into 8 fiag resonstor
The lascr frequency was detuncd shghtly fram the sadium
D hine. The paramcting gara duc to the two-ware suling
leads to a umdirecticnal oscillation 18 3 ARg feavaztot
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The frequency of the oscillating beam in the ring reso-
nator was measured and was found to be lower than that
of the pump beam. In a later experiment using a CW dye
laser, a frequency shift of several MHz's was measured
{69]). The frequency shift agrees with our theoretical re-
sult [see (120) and (115)], which indicates that the low-
frequency beam gets amplified when the Kerr coeflicient
is positive. By tuning the frequency of the dye laser to the
other side of the D line, an opposite sign of the frequency
shift was observed. This indicates the reverse of sign of
the Kerr coeflicient at this new frequency. In addition, the
frequency of oscillation and the intensity of oscillation arc
functions of the cavity length. Oscillation ceases at cavity
lengths when the frequency shifts are less than 8 or more
than 50 MHz. Similar observations on the dependence on
cavity length were found in photorefractive unidirectional
ring resonators [70], [71].

In a two-wave mixing experiment, a fluorescent-doped
boric acid glass is used as the nonlinear matenal (72, In
this expernin.ent, a frequency shift of 0.1 Hz was induced
by reflecting onc of the beams off a mirror that was trans-
lated at a constam velocity by a piezoelectric transducer
(PZT). By varying the frequency difference between the
beams and monitonng the change in intensity of the probe
beam, a time constant of 100 ms was measured. In a sim-
ilar expenment, a ruby crystal 15 used as the nonlinear
medium [73]. Enecrgy coupling at a frequency shift of up
to 500 Hz was observed. A time constant of 3.4 ms was
determined by measuning the probe intensity at various
frequency shifts. In addition, a net pain (exceeding the
absorption and reficction loss) of more thar 50 percemt
was observed.

Recently, energy transfer between two eoherent beams
in liguid ¢rystals has been observed by several worken
{74]. The encrgy exchange is due to the thin holograms
in the medium. In these configurations, the seattering of
light by the induced grating is in the Ramana-Natl, segime
duc to the small iateraction leagth The preseace of highet
order scattenag terns resalts in 2 multiwave mixing tha
leads to the encrpy traasfer from the strong beam to the
weak beam If the iteraction leagth 1y iacreased, the en-
ergy tramsfer will decrease becatae the interactioa wall be
i the Bragg eogime

VoOArrLICAtIONS

The phatorcfractive coupling of two waves 1 elec
trooptic ¢rystals has a wide manpe of applicatioas These
wlude teal-tume holography | seif-pumped phase conpu
gation [33], nag resonaton [$4]. (70]. [71], {T5]. lasee
gyt [72], moarcaiprocal transanssion [76], image am
alifivation [20]. vibsatioaal analyas {77], and unage pro
cexung (78], [79]. et Some of these applicativas wall be
duscutaed i thi secuon

A FProtorefraciine Resonators

The cohetear ugnal beam amphifivation 1 two wane
munag can be used to provude paramcten gan for emdy
tectivaal osaillativa m nng ecwnators  Sech oacllaton

’l Rockwell International

Science Center

has been observed by using a BaTiO, crystal pumped with
an argon ion or a HeNe laser {54]. Unlike the conven-
tional gain medium (e.g., He-Ne), the gain bandwidth of
photorefractive two-wave mixing is very narrow (a few
henz’s for BaTiO,; see also Fig. 4). Despite this fact, the
ring resonator can still oscillate over a large range of cav-
ity detuning. This phenomenon was not well understood
until a theory of photorefractive phase shift was devel-
oped [70]. The theory shows that oscillation can occur at
almost any cavity length despite the narrow-band nature
of two-wave mixing gain, provided the coupling is strong
enough. Such a theory is later verified experimentally by
studying the {requency of unidirectional ring oscillation
at vanious cavity detunings (71].

Referring to Fig. 14, we now investigate the oscillation
of a ning resonator in which a photorefractive crystal is
inserted. Let us focus our attention on the region occupied
by the photorefractive crystal and examine the gain due
to two-wave mixing. The results of nondegenerate two-
wave mixing derived in Section 11-C can be used to ex-
plain the nng oscillation.

In a conventional ring resonator, the oscillation occurs
at those frequencies

IEVARE (176)
which lie within the gain curve of the laser medium (¢.g.,
He-Ne). Here, S is the effective leagth of a complete loop,
f.isaconstant, and N is an imteger. For § < 30 em, these
frequencies (176) arc separated by the mode spacing e/§
= 1 GHz. Since the width of the gain curve for the con-
ventions! gasn medium i3 typically several GHz due pnia.
cipally o Doppler broadening, oscillation can occur at
almost any cavity length S. On the contrary, if the baad-
width of the gain curve is narrower than the mode spacing
¢/ S, then oscillation can sustata, provided the cavty loop
15 kept at the appropnate length

Unlike the coaventional gaia medium, the bandwidth
of photorefractive two-wave suning 1 very parron. Usiag
photorefractive efystals that operate by diftusivn oaly,
¢ g . BaTiO,, the coupling constant can be watten, aq-
corhing to (15

R
b ()

-

{1th

whete 3, 13 the coupling coastant for the ¢aae of degen:
crate two wave muung L1 L 1~ o - o -~ D)and
givea by

48 Ax
. ~

€17s
.\{m(!t ) ! )

The parammctriy two warve sulg gan n giea by ag
cutding to ()

ol 1+ m -

e - , ¢ {(179)
d 1.¢0)

]tm“
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Fig. 14 Schematic drawing of a waidirectional photorefractive sing reso-
anor.

where we tecall that m is the input beam natio m =
5L,(0)/1,(0) and L is the length of interaction. Note that
amplific: "ion (.{ > 1) is possible oaly when y > a and
m > (1= e ) /(e = 7). Also note that g is an
increasing function of m (i.c., 42/3m > 0)and gis an
increasing function of L, provided y > a and

Ls -‘-la [n______(y ~ a)]-
Y a

The gain as 3 function of frequency w; (or equivalently
a3 a function of Q@ = o, — @, ). has beea plotted in Fig.
4 for vanious values of m. Note that gain is sigaificant
only when | w; = w, | r < 1. For materials such as BaTiO,
and SBN, 7 is between | aad 0.1 3. Thus, the gain dand-
width is only a few henz. In spite of such aa extremely
narrou handwidth, uaidirectional osciflation can still be
obscrved casily at ““any' cavity length in ring resoaaton
using Bali0, cryseals as the photorefractive medium.
Sach 2 phenomenoa can be explained in terms of the ad-
ditionsl phase shift [(24) and (29))] introduced Dy the pho-
oecfractive couphag. This phase shuift 13 2 functioa of the
oscillatioa frequency and is plotted ia Fig. 13 as a funz.
vioa of Qr. For BaTtO, crystals with 3 L > 4v, this phase
shift can vary from — v to + v for 3 frequency drift of
Allr = 21 Stk » phade shift s fespoasidle for the os-
cillatwon of the nag resoaator which reguises 2 rouad thp
phase shift of an integer times 2.

1) Oscitlation Conditions: We mow e¢ramine e
boundary coaditioas appropeiste 1o 3 unidirectioas! sing
oacitiator. Al steady-state cacillatoa, the electnr feld
muit reproduce itacll, both ia phasc and intcasity, afiet
cach rouad-trip 1a other words, the ssillation coaditiony
caa Be written

(1%0)
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Fig 13, Phasocfrartive phase shiht A¢ as 8 function of Or for vanous
walues of m

where Ay is the additional phase shift due to photorefrac-
tive coupling, the integration is over a round-trip beam
path, the parameter R is the product of the mirror reflec-
tivities, and g is the panametric gain of (179).

If we define a cavity detuning parameter AT as

Al = 2N'x - skds (183)

where N° is an integer chosen in such 3 way that AT lies
between —r and + v, then the oscillation conditioa (181)
can be written

Ay = AT + 2Afr (l“)

where Af is an integer. In other words, oscillatioa can d¢
achicved only when the cavity detuning can de compen.
satcd by the photorefractive phase shift.

Equatioas (181) and (182) may be used to solve for the
two unknown Quantitics m = /,(0)/4,(0)and Q = o; -
w,. If we fix the pump intensity /,(0) and the pump fre-
Quemy oy, then (181) and (182) can be solved for the
oscillation frequency o and the oscillatioa intensity
1,(0). Substitutiag (179) for g ia (182) and usiag (23).
we obtain

sy = -f;a(xe‘“). (183)
This equation can aow Be used to solve for the osciliation
frequency Qr. For the case of pure &iffusion, uirep (46)
for ¢, = /2 and (19) and (20), we obtasa from (153)

- v 2(A0 « Afy)
of -lak ol - la R
where Al i3 the cavity detuaiag aad 13 pivea by (18))

Subdstituting (179) for g aa (182), we can salve foe m and
obina

4]

(186)

4,{0) b - Re'™
J I - ¢ - 2 - t
ay ¢ g ‘-‘ 2&" (“‘) = ‘!(0) R(.d _ '.'1 ,':’)
aad Sisce m must e pontive, we obiaa froem (187) e
kel (182) whreshold coadioa for cacillsia
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yw>ylLmal-hR (188)

where v, is the threshold parametric gain constant. Since
v is 8 function of frequency O, (188) dictates that the par-
smetric gain is above threshold only in s finite spectral
tegime. Using (177) for y, (188) becomes

_.1._'»__._.]'"
al ~InR

where we recall that vy, is the parametric gain at @ = o,
- w; = 0. Equation (189) defines the spectral regime
where the parametric gain v is above threshold (i.e., vy >
).

We have thus far oblained expressions for the oscilla-
tion frequency [(186)] and the spectral regime where the
gain is above threshold. The ring resonator will oscillate
only when the oscillation frequency falls within this spec-
tral region. The oscillation frequency vy = o, + Q@ is
determined by (186), with AT being the cavity detuning
(183).

The same oscillation frequency must also satisfy (189).
Thus, we obtzin the foliowing oscillation conditioa:

2layl < [

al - In R
which can also dbe wnitten

|07] < (189)

Y.L
al - In R

l}m. (190)

I
vl >yl+ ;’—L(zm’ =GL  (191)

where v, is the threshold parametric gain of (188) for the
case when Ay = 0, and G, may be considered as the
threshold gain for the case when Ay # 0. Accoeding to
{191), the threshold gain increases as a function of the
cavity detuning AP The cavity detuning AT not only de-
termiines the oscillation frequency [(186)]. dut also the
threshold gain G,.

The AT in (18)) is the cavity detuning and is defined
detween — v and v. However, the photorefractive phase
shift (23) can be greater than v. When this happens, the
uaiditectionsl ring resoastor may oscillate at mooe than
on¢ frequency. These frequencics are givena by (186), with
M=0 21, 22, -, etc., 3nd with their correspoading
thicshold gain given by

1 ®
GL =yl o+ "3 [2(a¢ « 2ae)].  (192)

1n other wonds, for cach cavity detuning Al', the ning res-
onator ¢an suppoat multimode escillation, provided the
coupling conatant v, b latge eaoegh. Fig. 16 shows the
owiftlation wmicanty, 3 well as the osaillatwa frequency
as fuactions of cavity detuning AI'. Note that for larget
1.4, the rewaator can ascitlste at alost any cavity de-
teang A, whereas for smalt y, L, oscillatwa occun oaly
when the cavity detumng is Limuted to some semall regwoa
atound AT = 0.

Ia summary, nag oscllativa oxcun when IV two-wave
suuny pan dosutes cavay losses and the rouad-p
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Fig. 16. Oscillation intensity a3 & function of cavity detuaing Qr for var-
sous values of v.L.

optical phase reproduces itsell (to within an integer mul-
tiple of 27 ). The condition oa phase is unique because of
a significant contribution to the optical phase shift due to
nondegencrate photorefractive two-wave mixing. This
condition is satisfied at any cavity length if the oscillation
frequency is slightly detuned from the pump frequency,
since the photorefractive phase shift [(183)] depends on
the detuning. The frequency difference 1 (= w; ~ wy)
between the pumping and oscillating beams can be written

0 = [2(AT + 2Mr)/r4] (193)

where AT is the cavity-length detuning with respect to an
integer multiple of optical pump waves in the cavity, M
is an integer, 1 is the photerefractive time respoase, and
A repiesents the total cavity loss. There are threshold con-
ditioas for oscillation involviag cavity loss and gain (tak-
ing Af to be zero):

18] s (1/0)(sL/4 = 1) (154)
|ar| s (47274 - 1) (193)

whete y is the degenerate two-wave mixing coupliag coef-
ficient, L is the interaction length, and 4 = —In (RT,T,)
{with R deing the product of the reflectivitics of the cavity
mirsors and output coupler; T, » the transmission through
the photorefractive ¢rystal accountiag for the absorptioa,
Fresacl ecficctions, and scattensg (or beam fanning), and
T, is the effecuve transmissioa through the piahuole aper-
tere).

This theory predicts that the uatdurect'vas! niag o
rator will escatlate at 3 frequency diffcrent from the pump
frequency by 3n amount directly proportioaal to the cay:
#y-leagth detwsaing. Funhennore, a3 photoefractine
materts]l with moderstcly low », the theony pustulates a
theeshold where oscillatioa will cease if the cavity detua:
18y (frequency diffcrence) becomes too large. Such a the-
ory has beea valadated capenmentally in 3 8aTiO, pho-
weefractive nag resoastoe [71]

The eapeniments perfonmed to caarmne the adove the-
ory will aow B¢ ducuised in detad Fig 17 shows the
capenmental scwp A siagle-made argon-wa laser (314.3
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Fig. 17. Optical setup for the photorefractive unidirectional ring resonator
with variable cavity lengih The beat frequency beiween the self-oscil-
lation and pump beams is derived {rom the motion of the interferograms
atDyor D, (71].

nm) is used to pump a BaTiO; crystal which is inserted
into a ring resonator. Two-wave mixing in BaTiO; pro-
vides the parametric gain needed for the oscillation in the
unidirectional ring cavity, formed by two planar mirrors
(M, and M,) and a planar beam splitter (BS;). The os-
cillation beam in the ring-cavity is sampled through the
output coupler BS;, its intensity being detected at D, while
the beat frequency between it and the pumping beam is
determined using complementary fringe patterns formed
at detectors D, and D;. Without a ring-cavity pinhole ap-
erture, unidirectional oscillation can be observed at any
cavity length. However, dynamically unstable multiple
spatial modes are evident [80], [81] in the fringe patterns
at D, and Dj. To obtain a single mode (and clean fringe
patterns). a 200 um pinhole is placed in the ring cavity.
The basic premises of the theory [70] are verified by
slowly ramping the PZT voltage and observing the beat
frequency, atong with the ring-cavity oscillation inten-
sity. Typical results are shown in Fig. 18(a) for an 80 mW
pump beam incident at 40° from the ¢ axis of BaTiO, and
at 20° from the oscillating beam (both angles are external
in air).

The intensity of the unidirectional oscillation versus
cavity length [Fig. 18(a)] indicutes threshold gain condi-
tions [(194) and (195)]. The beat frequency between os-
cillating and pumping beams, as observed in the time
variation of the fringe-pattern intensity {Fig. 18(a)),
clearly corresponds to the position of the PZT ~ M,.
When M, is exactly at the correct position (chosen as the
origin), the fringe pattern is stationary, i.e., there is no
frequency shift. As M, moves away from (hIS origin, the
t'rmge motion becomes faster and the frequency difference
increases. Fig. 18(b) shows the linear ependence of the
frequency difference on cavity detuning with the ramping
period equal to 20 000 s for improved resolution.
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Fig. 18. Characteristics of the unidirectional self-oscillation as 3 function
of ring-cavity length (1.e., PZT vollage or cavity detuning. where 100
percent implies a detuning of one full optical wave): (a) ring-cavity in-
tensity (right) and beat-frequency signature (left): (b) frequency differ-
ence between the self-oscillation and the pumping beam [71).

The frequency difierence changes sign as M, slowly
moves through the origin. The observed sign is consistent
with the sign of the phase shift between the light intensity
pattern and index modulation that determines the direc-
tion of energy exchange in two-wave mixing. The beat-
frequency signature {Fig. 18(a)] is also a peniodic func-
tion of FZT mirror position. The observed beat-frequency
signature reproduces itself with a2 M, displacement of
every ~\/2, as expected (i.e., a cavity length detuning
periodicity of N\). Experimentally, the frequency thresh-
old for oscillation is approximately a linear function of
the pumping-beam intensity, as shown in Fig. 19(a). Ac-
cording to Fig. 18(a), this frequency threshold is in-
versely proportional to 7, but 7 can be approximately pro-
portional to the inverse of the pump intensity (assuming
that the cavity intensity is negligible by comparison) when
the photoconductivities dominate [82]. Therefore, the ob-
served dependence [Fig. 19(a)] agrees with theory.

The oscillation conditions for the unidirectional ring
resonator are dependent on the two-wave mixi- g gain
(L) in the photorefractive medium. yL is varied by ro-
tating the BaTiO; crystal with respect to the pumping and
oscillating beams [83]. When the gain is too small, no
unidirectional oscillation is observed, regardless of ring-
cavity length. For 4L just above threshold, two pro-
nounced differences are evident, contrasting with yL
large. First, the amount of cavity detuning that is accom-
modated before oscillation ceases is greatly reduced. Sec-
ond, the maximum frequency difference between the
pumping and oscillating beams is much less. The quan-
titative trends of these two effects are given in Fig. 19(b)
for a pump power of 80 mW,

The threshold oscillation conditions given in expres-
sions (194) and (195) agree with the data {Fig. 19(b)).
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Fig. 19. Oscillation threshold behavior for the unidirectional ring resona-
tor: (a) maximum beat frequency as a function of pumping-beam or ring-
cavity power along with a linear fit (solid-line); (b) maximum beat fre-
quency (left) and cavity detuning (right) as a function of two-wave mix-
ing gain yL. where yL is telated to the external angle that the pumping
beam makes the crystal’s ¢ axis as shown (top scale). Note: the two solid

curves in (b) correspond to the evaluation of (194) and (195) as described
ntext {71).

The solid curve associated with the left-hand scale of Fig.
19(b) is generated from (194) for 4 = 5.1 and r = 0.53
s. This cavity-loss factor 4 is estimated independently
from R x 0.99 x 0.91 x 0.81 (for M,, M, and BS,,
respectively), T, = 0.52, and T, = 0.016 (for a cavity
length of 50 em). Accumulating these contributions gives
4 = 5.2, in excellent agréement with the observed 5.1.
The right-hand scale of Fig. 19(b) shows the dependence
«\rlhre_shold cavity detuning (i.e., the maximum detuning
that wnll_ sx.ill support self-oscillation) on yL, along with
the prediction from (195), where AT is normalized by 2.
ﬁcmarkable agreement is obtained using 4 = 5.1 from
'_Sr- I9(a) and no adjustable parameters.

e t:alln}crdependence of the optical cavity length and
beams ic 'TC‘quency between the oscillating and pumping
These 4 general property of photorefractive resonators.

fesults are not unique to the optical setup shown in
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Fig. 17. Similar behavior is observed with other config-
urations. First, the orientation of the BaTiO, crystal in
Fig. 17 can be altered so that the pumping and oscillating
beams enter the a face but in such a way that no self-
pumping occurs {S3]. Second, the BaTiO, can be replaced
by crystals of strontium barium niobate [84], {85] (nomi-
nally undoped and cerium doped). Third, a linear reso-
nator (Fig. 20) can act as a self-pumped phase conjugator
[54]. The observed frequency shift of the phase-conjugate
beam is exactly twice that of the self-oscillation, which is
necessary to satisfy energy conservation for slightly-non-
degencrate four-wave mixing (86). In all three variations,
the measured frequency diffcrences correlate with cavity
length detuning; results equivalent to those shown in Fig.
18 are obtained.

In summary, the experimenial results indicate that the
frequency difference between the oscillating and pumping
beams in the unidirectional ring resonator depends on the
optical cavity length. This dependence supports the the-
ory [70] that uses a photorefractive phase shift associated
with slightly-nondegenerate two-wave mixing to satisfy
the round-trip phase-oscillation condition for the 1eso-
nating beam. Similarly, the observed frequency shifts in
other photorefractive resonators, including self-pumped
phase conjugators, may also be explained by the same
mechanism. This is the subject of the next section.

B. Resonator Model of Self-Pumped Phase Conjugators

The theory of unidirectional photorefractive ring reso-
nators described in the previous section can be extended
to explain the phenomenon of self-pumped phase conju-
gation using BaTiO; crystals (sometimes referred to as the
cat mirror {53)). It is known that optical four-wave mix-
ing can be used to generate phase conjugated waves. In
self-pumped phase conjugation, no counterpropagating
beams are supplied externally to provide the pumps
needed in the four-wave mixing process. Ih addition, self-
pumped phase conjugators using photorefractive crystals
such as BaTiO, have received considerable attention be-
cause of the relatively high reflectivities (e.g., 30-50 per-
cent) that can be easily achieved even with low-power
lasers [53], [54], {87]. There have been several models
developed for the self-pumped phase conjugation inside
BaTiO; crystals. These include backscattering via 2-k
gratings [55], [56], two coupled interaction regions {57],
enhanced coupling via frequency-shifted waves (58],
time-dependent four-wave mixing [59], and photovoltaic
contributions [60]. In what follows, we present a reso-
nator model of self-pumped phase conjugation. Such a
model explains the origin of phase conjugation inside a
BaTiO; crystal and also explains the frequency shift of
the order of 11 Hz [56], (80], (89].

Referring to Fig. 21, we consider the incidence of a
taser beam into a cube of photorefractive cyrstal. The
crystal cube can be viewed as a dielectric optical cavity
which supports a multitude of modes. These modes are
trapped inside the crystal due to total intemal reflection at
the surfaces. When a laser beam is incident into the crys-
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Fig. 20. Self-pumped phase conjugator using extemnal refiectors to gener-
ate the sclf-oscillation with frequency shift & and the phase-conjugate
reflection with a frequency shift 28, where & is proportional to the linear
cavity length (71].
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Fig. 21. Resonator model of sclf-pumped-phase conjugators.

tal, some of the modes may be excited, as a result of the
strong parametric gain due to two-wave mixing. In par-
ticular, ring oscillations such as those shown in Fig. 21
can be generated according to the theory developed ear-
lier. When the configuration of the resonance cavity rel-
ative to the incident laser beam support bidirectional os-
cillation, a phase-conjugate beam is generated via the
four-wave mixing process.

According to this theory, the frequency of oscillation
inside the crystal can be slightly detuned from that of the
pump beam. Let w be the frequency of the incident laser
beam; the frequency of the intermnal oscillation can be
written

(196)

where & is the frequency detuning and is on the order of
+ 1 Hz for BaTiO;. Note that this frequency detuning de-
pends on the path length of the ring oscillation inside the
crystal. The bidirectional oscillation provides the counter
propagating beams needed for the pump. As a result of
the conservation of energy, the phase conjugated beam
has a frequency of @ + 20.

The resonator model presents a simple explanation of
the frequency shift observed in BaTiO, self-pumped phase
conjugators [56), [88], [89). In addition, experimental
evidence indicates that internal oscillations inside the
crystal play a key role in the generation of phase conju-
gated waves [90).

w=w+d

C. Optical Nonreciprociry

We mentioned earlier that the energy transfer in two-
wave mixing may have application in optical nonreci-
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procity. We now discuss in some detail the nonreciprocal
intensity transmission and nonreciprocal phase shifts due
to two-wave mixing in photorefractive media. It is known
in linear optics that the transmittance as well as the phase
shift experienced by a light beam transmitting through a
dielectric layered medium is independent of the side of
incidence. This is known as the left- and right-incidence
theorem and is a result of the principle of reversibility
{91]. This theorem is no longer true when the photore-
fractive coupling is present. Such nonreciprocal transmit-
tance was first predicted by considering the coupling be-
tween the incident beam and the reflected beam inside a
slab of photorefractive medium [92}. The reflected beam
is due to the dielectric discontinuity at the slab bounda-
ries. As a result of the photorefractive contradirectional
two-wave mixing, energy exchange occurs between the
incident and reflected beams. Such an energy exchange
leads to an asymmetry in the transmittance. Fig. 22 shows
the two transmittances as a function of the coupling con-
stant. Notice that a significant nonreciprocal transmit-
tance is present due to the photorefractive coupling. In the
extreme case of strong coupling (yL >> 1), the slab al-
most acts as a ‘‘one-way'’ window. Such nonreciprocal
transmission has been observed in BaTiO, and
KNbO; : Mn crystals in the visible spectral regimes {93},
{94).

In addition to the nonreciprocal intensity transmission,
there” exists a nonreciprocal phase shift in contradirec-
tional two-wave mixing according to (37), provided § +#
0. Such nonreciprocal phase shifts may be useful in some
applications, including the biasing of ring laser gyros {66],
{75] [94]. In what follows, we consider the photorefrac-
tive coupling of the counterpropagating beams inside a
ring resonator.

Referring to Fig. 23, we consider the insertion of a thin
slab of photorefractive crystal into a ring resonator. The
photorefractive crystal is oriented such that nonreciprocal
transmission occurs. In the absence of the photorefractive
medium, the two oppositely-directed ring oscillators are
degenerate in frequency in an inertial frame. As a result
of the nonreciprocal transmission, the symmetry is broken
and the degeneracy is removed. Since this may lead to a
split in the frequency of oscillations, it provides a bias for
the ring laser gyro operation.

Using the result derived in Sections II-B and I1-C, we
obtain the following expression for the transmittance of
the two waves: i

l|(L) _ 1 + m“'
h= 1,(0) “lt+m? exp (L)
Tz = lz(O) _ 1+m (197)

L{L) 1+ mexp(-vL)

where m is the incident intensity ratio m & [,(0)/1,(L).
Note that 7, < 1 and 7; > 1 for positive 4. The sign of
v depends on the direction of the ¢ axis.

With /,(z) and I,(z) given by (33), the phases ¥, and
V; can be integrated directly from (31). The phase shifts
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Fig. 23. Schematic drawing of 2 ring laser resonator filled with a photo-

refractive crystal plate.

in traversing through the medium are kL + (L) = ¢,(0)
and kL + ¥,(0) — ¥,(L) for waves E; and E,, respec-
tively. These two phase shifts are different by an amount
A = ¥(0) = ¥(L) — [¥4(L) ~ ¥4(0)], which, ac-
cording to (31) is given by

L

L
o o I -1,
a= So Al + ) = So Blz+ I, az.

(198)

Note that this difference in phase shifts is zero when I,(z)
= [|(z) between z = 0 and z = L, which corresponds to
C = 0in (33) (recall that [,(z) = I,(z) = 2C]. Using
(33) and carrying out the integration in (198), we obtain
the following expression for this phase shift difference:

2
A=—7§lnT2-BL

(199)
where T is the beam intensity transmittance given by
(197). Note that A can also be written as & = (28 /v) log
T, + BL. For small couplings, i.e., yL << 1, this dif-
ference in phase shifts can be written approximately as

2

m
(1 +m)
where we recall that m = 1,(0)/1,(L).
In a conventional ring laser gyro, the oscillation fre-

quency as well as the intensity are the same for two beams
in an inertial frame. The oscillation occurs at thos fre-

— 1
= T+ Byl

& =4L (200)

m +
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quencies

f= N§ N = integer (201)
which lie within the gain curve of the laser medium (e.g.,
He-Ne). Here S is the effective length of a complete loop
and N is a larger integer. For § < 30 cm, these frequen-
cies (201) are separated by the mode spacing ¢/S 2 1
GHz. Since the width of the gain curve is typically 1.5
GHz due to principally Doppler broadening, the gyro usu-
ally oscillates at a single longitudinal mode.

The oscillation intensity inside the laser cavity is deter-
mined by the gain as well as the loss and is given by [88]

Io = x(go - gl) (202)

where « is the constant which depends on the laser me-
dium, g, is the unsaturated gain factor per pass, and g, is
the threshold gain factor. Note that both g, and g, are di-
mensionless. In a conventional ring resonator, the thresh-
old gain for both traveling waves is given by

g@=oalL—-IR (203)

where « is the loss constant (including bulk absorption
and scattering) and R is the product of the three-mirror
reflectivities.

In the presence of the photorefractive coupling, the un-
equal transmissivities make the threshold gain different
for the two waves which now become

gn = al —In T|R 8n = al - In TzR (204)

where T| and T; are the beam transmittances given by
(197). The difference in the threshold gain leads to a split
in the oscillation intensity. The fractional difference in the
oscillation intensity is given approximately by

’2“‘1|_ln2‘-lnT|_. 'YL

12 + ll (ga - gl) 2(80 - g:).
If we now assume that the beam intensities are nearly uni-
form in the photorefractive material (i.c., yL << 1), the

difference in phase shift A can be written, according to
(198) and (205)

(20s)

B
2(80 = gl)‘

This expression agrees with (200) provided (g, - §,)
<< 2, which is legitimate because ( g, — g,) is typically
on the order of 1072,

The unequal phase shift for the oppositely-directed
traveling waves corresponds to different effective optical
path lengths for the waves. This results in a difference Q
between the angular frequencies of the laser oscillation of
the two beams. The differenceis Q = wy — wy, = —cA /S,
which can be written, according to (206), {19), and (20)

A= (206)

2
Q.—.--————--%nfsin¢cos¢ (207)
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where we recall that ¢ is the relative phase shift between
the index grating and the interference pattern. We note
that Q is not zero provided sin ¢ cos ¢ # 0.

We now examine the angular frequency split { for var-
ious cases. For the pure diffusion case (i.e., no external
electric field) in photorefractive material, the phase shift
¢ is given by ¢ = x/2 — tan™' Qr, according to (46).
Thus (207) becomes

_ 412(An,)2L2c91
NS(g, — &) (1 + Q3

which has three solutions. The trivial one is = 0, which
corresponds to an unsplit oscillation. The other roots are
given by

(208)

1274n, [ cr
A S(g,, =&

Taking 7 = 100 ms, S = 30cem, g, — g, = 0.0}, L = 1
mm, An, = 1075, X = 0.6328 um, (209) yields Q, = 10°
s~!, which corresponds to a frequency split of 160 Hz.
Whether the ring gyro will oscillate at the same frequency
(£ = 0) or with a split Q,, or both, is a subject of mode
stability.

It is shown that there are three modes of oscillations.
The stability of these modes will determine the actual
mode of oscillation at steady state. To investigate this is-
sue, we need to examine the effect of small perturbation
on the oscillation frequencies. Using (207) and ¢ = x/2
— tan”! Qr, we consider that the frequency difference Q
is slightly deviated from the solution by 8Q. This 8Q will
change the holographic grating phase shift by é¢. Equa-
tion (207) will then yield the resulting frequency differ-
ence {1 + 40 after substituting ¢ + 8¢ for ¢ on the right-
hand side. The criterion for stable oscillation is

)<

Using (46) and (207), we can plot the right-hand side
of (207) as a function of Qr. The solution of (207) can
then be obtained by drawing a straight line through the
origin with a slope of 1 /7. The intersections of the straight
line with the curve give the solutions of (207). The ratio
(dQ/5Q) is proportional to the slope at the intersections.
We note that the solution at {1 = 0 has a positive slope
which indicates that this mode of oscillation is unstable
according to the criterion equation (210). The other two
solutions of (209) are stable because they have a negative
slope. Negative slope indicates that any deviation ¢Q
caused by perturbation will eventually damp out.

In summary, we found that if the crystal is acentric, the
nonlocal response of the crystal leads to unequal trans-
mittance and phase shifts of the two waves. These, intum,
lead to a split in the oscillation imtensity as well as oscil-
lation frequency. The frequency split may be utilized to
bias alaser gyro away from its lock-in region. In the above
derivation, the bulk absorption in the photorefractive ma-
terial is neglected. This is legitimate provided a << v,

Q, =

) - l}m. 1209)

(210)

‘l' Rockwell International

Science Center

which is generally true in most photorefractive crystals.
The attenuation in the crystal may affect the difference in
phase shift according 10 (198) because [; ~ /, is no longer
a constant. Numerical analysis is required to include the
attenuation and obtain a more accurate result.

D. Real-Time Holography and Beam Processing

We mentioned the holographic implications of two-
wave mixing in photorefractive media earlier. Let us now
claborate on this idea in some detail. The formation of an
index grating due to the presence of two coherent laser
beams inside a photorefractive crystal is formally analo-
gous to the recording process in conventional holography,
Consider the procedure shown in Fig. 24(a), in which two
laser beams intersect and form an induced index grating.
The index grating, as given by (10), contains the product
of the amplitudes A, and A4,. This index grating is a ho-
logram formed by a ‘*reference’’ beam A,, and an *‘ob-
ject’’ beam A;. The transmission function of such a ho-
logram can be written

t ~ An ~ A Ayexp (—iK - F)

+ A)A; exp (iK - ) (211)

where A, and A4, denote the complex amplitudes of the
reference and object fields, respectively.

In the reconstruction step {see Fig. 24(b)]. the holo-
gram is illuminated by the reference beam A4, exp (—ik,
+ 7). The diffracted beam can be written

nA\AL Ayexp (—ik, - T) (212)

where n is the diffraction efficiency. We notice that the
phase of 4; cancels out and the diffracted beam is 2 re-
construction of the object beam A, exp (~ik; * 7). Sim-
ilarly the ‘‘reference’” beam A, can be reconstructed by
illuminating the hologram with “‘object’* beam A, [see
Fig. 24(c)], provided beam 4, is a phase object (i.e., 4;
has phase variation with | A, | = constant),

In addition to the holographic analog, two-wave mixing
exhibits amplification which is a unique feature not avail-
able in conventional holography. Using these two prop-
erties, two-wave mixing can be used for beam processing.
As a result of the real-time holographic nature, photore-
fractive two-wave mixing exhibits nonreciprocal energy
transfer without any phase crosstalk {96]. This character-
istic can be seen directly by examining the coupled equa-
tions (17) and (18).

The lack of phase crosstalk can be understood also in
terms of the diffraction from the self-induced index grat-
ing in the photorefractive crystal. Normally, if a beam
that contains phase information ¥ (r, t) is diffracted from
a fixed grating, the same phase information also appears
in the diffracted beam. In self-induced index grating, the
phase information y(r, t) is impressed onto the grating
in such a way that diffraction from such a grating will be
accompanied by a phase shift =y (r, 1). Such a dynamic
hologram makes self-cancellation of phase information

13¢
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Fig. 24. Real-time holography.

possible when the incident beam is diffracted from the
grating produced by the incident and the reference beams.
Such a self-cancellation of phase information is actually
equivalent to the reconstruction of the reference beam
when the hologram is read out by the object beam.

Energy transfer without phase crosstalk can be em-
ployed to compress both the spatial and the temporal
spectra of a light beam [97). In other words, the energy
transfer without phase crosstalk can be utilized to clean
up both the spatial-wavefront and temporal wavefront ab-
errations. In what follows, we will describe separately the
cleanup of these two types of aberration.

In the cleanup of spatial aberration, & spatial mode filter
(e.g., a pinhole mirror) is used to select a clean part of
the aberrated beam. The rest of the beam consists of sev-
eral spatial-frequency components. After the separation,
these two portions of the beam are brought together at a
photorefractive crystal. Because of the energy transfer
without phase crosstalk, the signal beam can be amplified
without bearing any phase information from the aberrated
part of the beam.

The experimenta! configuration is shown schematically
in Fig. 25. An argon-ion laser beam with output power of
a few hundred milliwatts at 514.5 nm is used as the co-
herent light source. The polarization of the laser output is
rotated 90° into the plane of incidence so that the largest
cflective clectrooptic coefficient of the SBN crystal, es-
sentially ry,, can be used. The beam splitter BS is used to
split the incoming beam into the pump and the signal
beams, which are mutually coherent. The beams are then
loosely focused onto the sample S by the focusing lenses
FL, and FL,, respectively. The average spot size of each
beam inside the sample is approximately 3 mm in diam-
cter. The sample used for the experiment was a crystal of
single ferroelectnic domain of SBN witha § x 6 mm cross
section and 8 thickness of 6 mm. The extemal angle &
subtended by the two beams was approximately 10°.
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Fig. 25. Schematic diagram of the experimental setup for spatial wave-
front correction. For temporal wavefront correction, the phase distoner
(PD) is replaced by the set of mirrons shown in the inset. BS, beam
splitter; DL, diverging lens; FL, focusing lens; HP, half-wave plate
(5145 nm); M, plane mirror; P, polarizer; PD, phase distonter: S, sam-
ple. SC, screen (96].

The beam splitters BS; and BS, together with the mir-
rors M, and M, constitute a Mach-Zehnder interferometer
whose output fringe pattern represents the spatial phase
of the pump output. Similarly, the beam splitters BS; and
BS, and the mirrors M and M, constitute another inter-
ferometer for displaying the spatial phase of the signal
output. The diverging lenses DL, and DL, are used to
magnify the fringe pattermn projected onto the screen SC.

Without the spatial phase distorter PD in the paths of
the beams, the fringes of each are concentric circles, rep-
resenting the spherical wavefront introduced by the con-
verging lenses FL, and FL,. Pictures of such fringes are
shown in Fig. 26(a). With the phase distorter PD (a mi-
croscope slide etched with hydrofluoric acid) in the path
of the pump beam (see Fig. 25), the spatial wavefront of
the pump becomes strongly aberrated, as shown on the
left-hand side of Fig. 26(b). The wavefront of the ampli-
fied beam, however, remains essentially undistoned [the
right-hand side of Fig. 26(b)].

With the pump intensity on the order of 400 mW Jem?
(total power of the order of 30 mW) and a signal-beam
intensity on the order of 8 mW /cm?, a signal gain (de-
fined as the ratio of signal output power with and without
the pump beam) of about 10 has been achieved with our
SBN sample, for the experimental configuration described
above, with no special care or optimization. For the case
corresponding to the pictures shown in Fig. 26, the signal
gain decreases from 10 to 7 as the phase aberrator is in-
troduced. Our experimental results clearly demonstrate
that energy transfer without phase crosstalk can be real-
ized by two-wave mixing in photorefractive media.

The cleanup of temporal aberration can be understood
in terms of nondegenerate (wo-wave mixing in photore-
fractive media. Let the frequencies of the two beams be
/, and fy, respectively. In the photorefractive medium,
these two beams generate a traveling interference pattem.
This interference pattern induces an index grating. The
index grating has a frequency of ( /3 — /). As a result of
the nonlocal response of the crystal, encrgy transfer oc-
curs that allows one beam 10 accept and the other beam
to donate energy. Note that when beam 2 is diffracted from
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PUMP BEAM SIGNAL BEAM

(a)

(b)

Fig. 26 Interference lringes representing the spatial phase of the pump
output and the amplified signal output. (3) With no phase distorter in
baoth anms. () With phase distonter i the pump beam prior to entering
the photorefractive material [96].

the holographic grating, tts frequency is shifted to f, be-
cause tie index grating t$ traveling with a frequency of
( f» = fi). Thus photons of frequency f; can be converted
to photons of frequency f;. A temporally-aberrated beam
may be considered as a superposition of several frequency
components. Thus, by using a frequency filter to select a
single-frequency component and then to recombine it with
the rest of the beam at a photorefractive crystal, it is pos-
sible to clean up the temporal aberration of light beams,
in our experimental work, we use a prezoelectrically
driven mirror to iatroduce the temporal wavefront aber-
rationt. The experimental setup i almost identical w that
used in the previous experunent except that the spatial
distonter PD (see Fig. 25) 1s now replaced by a temporal
phase modulator. As the muror moves at a coastant ve-
tocity v, the frequency £ of the pump beam s Doppler
shifted by an athount Af yiven by

.\f ._’_[U/(‘

where f 15 the onginal putap lrequency, v s the haeat
veloaity of the moving maetor, and ¢ 1 the veloeity ot
hight a are. Thas trequency shuft, o, equivalently, the
temporal phase modulation, o picked up by a detector at
the vueput pott of the Mach Zehndet intetlesometss. The
tetparal phase vanation ol the pump outside with a e
quchacy todulation vt 2 He o shown i the lowee trave of
the osctllogram (g 27y The cortesponding tempotal
phase vanation of the amplied signat, as picked up by a
sttt detector, s repiesented by the uppe s tace of the
osctllogram Notwe that the tempotal phase of the araph
fied signal o essentially unpertutbed  The signal pain,
howeves, dropy fapadly as the pump modulation fee-
guency hoancreased  bapenmental results for the signal

PUMP MODULATION FREQUENCY = 2He
Fig 27 Temporal phas varation of the pemp oatput aad ampliicd sigaal
gt et l%l

gaitt versus pump modulation frequency at vanous pump
atd signal power levels are givea in Fig. 28,

The experithent descuibed above can be viewed as a
nearly degenctate two wave mixing eaperinent with a
vety stnall trequendy offset LA f ) of a tew hete. The solid
hines tn Fre. 28 tepresent the theotetical Bits based va (48)
and (30) usinty the tme constant ¢ as the adjustable pa
taretet. The dependenice of the matenal time comtant va
the put bear iatetsaty tato and the total input intensaty
can thus be deduced Aty proal eesuldt o altusteated i b
28 Note that the tune vomstant i eelatively nenntive to
wput beatt intemty tahio

th concluniun, we have demonsttated somecprocal en
cegy tamter waithout phase croastald and have succeeded
t beatns cleanup by uang photoreftactive two wave miy
gt SHN Cnstaby Hoth spatial and temipotal phase ab
ettatton of Laser beans can be vleaned up, ptovated that
the phase abetration does not Change sigaivantly ovet a
petasd that 1 the tune comtant of the matensal The ho
logean tevotding tie + of SHN iy stals i ahw obtaned
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Fig. 28 Signal gain versus pump modulation {requency at vanous pump

and signal power levels. /,(0), signal input power; /,{(0). pump input

power, [, (L). signal output power with pump beam on; [ (L). signai

output power with pump beam off. O: 1,(0) = 10 mW, /,(0) = 0.26

mW, 0: [,(0) = 10 mW, /,(0) = 2.5 mW, 0:7,(0) = 200 mW,

5,(0) = 04 mW,_ &: [,(0) = 200 mW, /,(0) = 43 mW. The solid

hines are the theoretical Bts with the time constant 7 as the adjustable
parameter [S96].
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B0 « 1HOH mw

Fig 29 Dependence of the ime comstant (Mologram eecording time) of
the SEN sample on total input power aad the beam power s /,(0).
signal wmput powet, 1,(0), pump 1aput power, m = [, (0)/110). ©
L(0) = 10mW 1,{0) =020mW, m =40 O £,(0) = 10mW L(0)
s23mW m= 4 0 [ (0)=100mW, L(0)=02mW & = 300,
¢ 1,(0) = 100 mW, L(0) = aW == 40 £(0) =200 mW,
1i0) =04 mW, m = 300, A:4(0) = 200mW, /(0) =4 aW, m
. 4 (9]

cxperimentally. Although the physical mechamsm is dif.
ferent from the Raman coupling, the phenomenon of ea-
erpy exchange without phase crosstalk is similar to the
Ruaman beam cleanup [98]-1100].

The laser beam cleanup techaique can also be used 1
conjunction with a phase comjugation to eorrect far the
distortivn due to erystal imperfection. Such 3 schemic has
becn waed to clean up laser beams using a SBN erystal for
two-wave miniag and 3 BaTiO, crystal as the coajugatar
{101}

Two-wave miang in aoaliscar media can be used for
applications n optical snforration processing The for-
mation of holograms (volunte ndea pratag) caa be uaed
for the starage of thece-dimensioaal information [12]. The
nonteciprocal encrpy tramifes can be used for the ampir-
fication of spatial wmages [77) 1n the area of opuical com-
putiag, digutsl logic operstion usiag two-beam coupling

‘l‘ Rockwell International
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in photorefractive materials has been proposed and dem-
onstrated [102]. Such logic operations use the nonlinear
phenomena of signal beam saturation and pump beam de-
pletion in two-wave mixing. In addition, the erasure of
hologram by a third beam can be used to control the effi-
ciency of two-beam coupling. Recently, the transient re-
sponse of the photorefractive effect was used for the time
differentiation of coherent optical images.

V1. ConcCLUSIONS AND DiscussIONs

In conclusions, we have considered the coupling of two
clectromagnetic waves in various nonlinear media, in-
cluding photorefractive crystals, Kerr media, and cubic
semiconductors. The energy transfer as well as the phase
shift due to coupling were derived and discussed. The re-
sults were then used to understand the osciilation of pho-
torefractive ning resonators as well as the physical ongin
of self-pumped conjugators. We also presented a coupled-
mode analysis of the coupling of two polarized beams in
cubic photorefractive crystals. Cross-polanization two-
beam coupling was discussed in some detail. In the last
pan of the paper, we discussed several applications using
two-beam coupling in photorefractive crystals. These in-
clude ring laser gyros, real-time holography, beam pro-
cessing, and information processing.

APPENDIX A
KErr COEFFICIENTS

A. Conversion Between Units and Definitions

The Kerr effect is traditionally described by a depen-
dence of the index of refraction on the clectric field by
(A1)

where &, is the index of refraction at £ = 0, n, is the Kerr
cocflicient, and the brackets ( ) stand for time-average.
Some workers adopied the following definition:

n=n,+m(EY)

(A2)

where /1s the intensity of electromagactic radiation mea-
sured in units of W/m’ in the MKS system of units. The
coaversion from both definitions and between MKS and
ESU units s gaven in Table I, We note that

R=ﬂo*32'

b= e (EY) (AY)
and
for & LESU =3 x 10' V/m
for I LESU = 10" W/’

B Relussonshup Between ay and y '

The Kerr coctharent s, 1s 3l felated to the third-ordet
diclectare suaceptbility 'Y Hete we denve the relatioa
shup betweea them for notfopic media suvh oy hgmds ot
gasey In addiioa to the CGS and MKS umty, there are
several coaventioas used 1n the deftaion of 3 [1), 2}
Ia thn papet, we adope the followang definstioa of W

P C,l“'t ¢ lﬂxf’ (A‘)
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TABLE it
Convension Taste rOr Kean CORFICIENTS

E _

.-uhon,(t’) a=a, +nl

ESU MKS (v/VY ESU MKS (mT/W)
] 1/9 x 10°"* 42 x 10" 42x10"
1o 1/9 x 107" 42 xt0°" 4.2 x 107" (for CS,)

where P is the polarization and E is the electric field.
Using the complex number representation [1] for sinu-
soidal varying field such as the one given in (6), the com-
plex amplitude of the polarization at frequency w is

P(w) = x"E +<@“>s'££. (AS)
I we rewrite (A5) as
P(w) = [0 + 3/4 xVEE)E (A6)
then the index of refraction can be wntten
oln? = 1) = 'V + 3/axVECEJE. (A7)
We now compare (A7) with
an = n, (E°) = 1/2 mE°E (A8)
and we obtain
ny = EjT" 2 (AS)
Arrenoin B

The solution of the nonlinear coupled differential equa-
tions (118) and (119) is derived in this appendix.
By adding the two equations in (118) and carrying out
the integration, we obtain
i+ b = Cexp(~al) (B1)

where C is a constant equal to /(o) + (o). Using (Bl)
and (118), we can chminate /, and obtain

d:

which is a2 Bemoulll equation and can be integrated dr-
rectly. The solution 1

L+ (a+ gCe™*)l = gl (82)

- {
l‘(:) l= ‘}n:w’, _ ‘-"\u.l; + c‘-} (B))
\

where C is 3 comstant of aptegration and Pi2) i piven by
P (Bt)

To simphify (BI). we peed o use the followag tegral
fomula

= -

a+ gCe’

g ,’“'”‘maie“’ {83)
Unag (B4) and (B3), (B)) can b wniticn
(‘ A 31
1(:) = ! ‘l (Bs)
1o CC evpl -~ x('ﬂpi-u:)!
[S ] §

’l Rockwell International
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Pulting ¢ = o in (B6) and solving for C’, we obtain

1 5(0) 1
" ch© [a‘c]
where we recall that C = [,(0) 4+ [;(0). Using the defi-
nitions for m and 4 from (124) and (125), respectively,
and (B7), 1,(2) can be rewritten in the form of (122). The
solution for /5(2) can be obtained from (122) and (BI).
This completes the solution for /,(2) and 1)(2).

Solutions for the phases ¥, and v, can be obtained by
substituting (122) and (123) for /,(2) and /3(2). respec-
tively, into (119) and camrying out the integration. The
process requires the following integral formula:

C (B7)

< dr

1
1 + chp[;d exp (—ax)]

i
-1 l +
AOS{

Using the expressions for /,(2) and /5(2) and the above
formula, we armive at (126) and (127). This completes the
derivation of /,(2) and /3(2).

chp[-éA exp (—ax)]}. (B8)
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Photorefractive optics at near-infrared wavelengths

P. H. Beckwith, W. R. Christian, 1. C. McMichac! and P. A. Yeh
Rockwell International Science Center
Thousand Oaks, California 91360

ABSTRACT

Measurements of two-wave mixing gain and phase-conjugate response in barium titanate using
GaA)As diode laser sources emitting at 830 nm are discussed. Gain coefficients as large as 18
c¢m™' have been obtained with optimized mixing geometrics. With an optically isolated barium
titanatc ring passive phase-conjugate mirror we have obtained phase-conjugate reflectivities as
large as 56% (uncorrected for Fresnel reflection losses) and response times on the order of tens of
seconds. These results represent significant improvements over corresponding valucs previously
reporied in the literature.

L INTRODUCTION

To date. nonlincar optical cffects such as two-wave mixing (TWM) and phase conjugation in
photorefractive matcrials like bdarium titanate (BaTiO,) and strontium barium niobate
(Sz,Ba;_,NbyO,:Ce) have been examined primarily at visible wavelengths near 515 nm. Recenmt
intcrest in near-infrared wavelengths has been brought about by the availability of low-cost, highly
efficient, compact semiconductor diode lasers that operate at these wavelenglths. While some two-
wave mixing and phasc conjugation experiments have been performed using diode lasers, )4 a
careful investigation of the nonlincar propertics of photorefractive materials at these wavelengths
has not been reported previously. In this paper we describe measurements of TWM gain and
response time using BaTiO, at 830 nm. as well as measurements of phasc-conjugate respoase time
amd sellectivity for RaTiO, in a ring conjugator configuration at this wavcicagth.

2. TWO-WAVE MIXING

Two-wave mining in photorefractive matcrials is dependent upon many differemt factors. When
pealorming a two-wave mixing caperiment, the two mest critical parametcrs arc typically the two-
wave mining gain ceefficient. I' and the time respoase of the photorefractive process in the
material. The two-wave mising gain cocfficient, I of a photorefractive crystal such as BaTiO, can
be written us

| ™

A .ae [ cos 2.‘ ]
sin’ @ ewe ®,
e« —/

2

()

wheee 26 i3 the eaternal croanng angle between the two beams, 20, 13 the internal crossing angle,
and the parameters A aad B selatc to the photorefrsctive propertics of the matcrial a3 follows:

in!n’l.T
Ast gl (¢4]
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N
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where ro¢c is the effective electro-optic coefficient, k is the magnitude of the grating wavevector,
{(k) accounts for clectron-hole competition, n is the refractive index, kg T/e is the thermal encrgy
per charge, and A is the frec space wavelength. N is the effective density of photorefractive
charge, and ee, is the dc diclectsic consiant along the dircction of the grating wavevector. The
steady-state two-beam coupling gain G, is defined as

G = — 4)
I,
where 1 is the transmiticd probe beam through the crystal with the pump beam on, and lp is the

transmitted probe beam with the pump off. For large pump/prode ratios, the gain can be related to
I by

G=aeap(lL) )
where L is the interaction length in the crystal for the pump and probe beams.
The time responsc of the photorcfractive process in a material is given b)'6'7

E
(s 1 =)
. T =t .,A.—_f.__i—_ (b)
&® ED
{(le — )
E,

. where the diclectric relaxation time is

et Yy R
t, = ——t M
epsl (1-R)

ang the factors Eyp,. Eiq. and 8 arc defined as

)

(Y -R) {9)

Tt

ep (1K)

L ($14]

The secombination rak s ¥ R = N AN whese N, (N})) is the number density of photoreftacuve
accepton (doners), s the mobility, s is the photoiomzation Cross section, and 1,08 the gt
satensaty.

Eguations [-1y dlustzate the many factors that mast be consndercd when attempliag to mavimize
both the gair and the speed of the photaecftactive process an a given saatenal  Fugure 1 shows the
experimental setup we used for optimiziag TWM 8 BaTiO,. The singit mode Grode lascr was

+ oporated at BIES rm aad was wmperature stabilized o Better than 0.1°C. The output of the laser
was thwea collimatcd by Lens Ly (foval lengih 18 men), with the hosizon'a) polatization component
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passing through polarizing beamsplitter PBS. Beam asymmetry was comrected with an anamorphic
prism pair. This beam was split by the 50% beamsplitter BS into a pump and a probe beam.
Neutral density (ND) filters attenuated the probe beam allowing for a variable pump/probe ratio.
Shutters SH were used for blocking either beam, while lenses L, and L, (f=40 c¢m, located ~30 cm
from the sample) lightly focussed the beams into a BaTiO, crystal (5 mm per side cube) immersed
in a temperature controlled oil bath (index-matched to the glass cuvette). Spot size in the crystal
was 1.5 mm. The transmitted probe beam was monitored by detector D. The probe and pump
beams had incident angles of « and 8 with respect to the face normal of the glass cuvette, with
pathlengths matched to within a few centimeters. The crystal was also tilted with respect to the
cuvette window by an angle y. Afier taking into account Fresnel reflectons and scattering losses,
a linear absorption coefficient of 0.08 cm™! was measured for the crystal at 830 nm. Between
successive two-wave mixing measurements, all gratings in the crystal were erased by a uniform
intensity beam from either an argon ion laser (514.5 nm) or a HeNe laser (632.8 nm).

Table 1 lists measured TWM gain, G (see Eq. 4) for various intensities and geometries (for
negative o, the pump and probe beams were incident from opposite sides of the cuvette face
normal; see Fig. 1). A geometry consisting of angles a=25°, f=50°, and y=30° (cases F and G in
Table 1) proved best as it allowed access to the large r,, electro-optic coefficient in BaTiO, while
still maintaining good overlap of the pump and probe beams in the crystal. For this orientation
the grating wavevector/c-axis angle was calculated to be 31°. Figure 2 plots the measured TWM
gain coefficient versus crystal temperature for this configuration. In this case, a pump beam
intensity of 680 mW/cm? was used. A large pump/probe ratio (>10%) was also used to ensure

~ minimal pump depletion (unsaturated gain). At room temperature, the net intensity gain was
5200, which for a 5 mm interaction length corresponds to a gain coefficient of 17 cm™l. The gain
increased to 8000 (18 cm!) when the crystal was cooled to 11 °C, which is on the edge of a i
tetragonal-to-orthorhombic phase transition (reported to be in the range from 5-10°C>3 for |
. BaTiO,). Note that these gain coefficients are comparable to thos- measured in the visible,? ‘
suggesting that N, is not significantly reduced in the infrared. While the known temperature
dependencies of r.er and € in Eqs. 1-3 predict a strong enhancement of the photorefractive gain
upon cooling, the observed improvement was actually quite small. Further study is needed to
explain this discrepancy. ‘

Figure 3 plots the measured TWM time response (time required for the TWM gain to reach |

(1-e~1)? of its maximum value when the pump beam is unblocked) versus crystal temperature. As |
shown, the temperature dependence of the time response was relatively slight, increasing from ~50 ‘
seconds at room temperature to ~100 seconds at 11°C. Tae most notable feature of these results is |
that they are two to three orders of magnitude larger than response times previously measured at ‘
visible argon-ion wavelengths.lo'” This increase is believed to be attributable to a reduction of |
the photoionization cross-section at longer wavelengths. |

\

ELF- D E CON ION

The advent of efficient and compact semiconductor diode lasers has increased interest in using
phase conjugation in photorefractive materials to provide distortion correction for these

devices.!?"!% In the first reports of photorefractive response at 830 nm with light from a GaAlAs
diode laser, a ring passive phase-conjugate mirror was formed using BaTiO; as the real-time
holographic medium.!? A phase-conjugate reflectivity of 16% was obtained with an incident
. power of 3.6 mW (126 mW/cm?, uncorrected for Fresnel reflections). The time needed to reach

90% of its steady state value was 40 sec (time-response intensity product ~5 W-sec/cm?). This
reflectivity was also obtained when the GaAlAs laser was replaced by an argon-ion laser emitting

35 mW (1.4 W/cmz) at 1090 nm, although the time response intensity product at this longer
. wavelength increased to 500 W-sec/cm?.2 In another study, a phase-conjugate reflectivity of 30%
was obtained using a 3 mW (150 mW/cm?) beam.? About 120 seconds were needed to establish a
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phase-conjugate beam. When the crystal was rotated £ 90°, comparable phasc-conjugate

reflectivities were obtained with longer start-up times. Similar reflectivities were obtained using a

35 mW (1 W/cm?) Nd:YAG laser operating at 1.06 nm. Start-up times, howevcer, were on the order
- of 10 minutes.3

In our experiments, we have obtained phase-conjugate reflectivities as large as 56% (not corrected
for Fresnel reflections) with response times on the order of tens of seconds. This represents a
significant improvement over previously reported work.

Figure 4 is a schematic diagram of the experimental setup wc used for self-pumped phase
conjugation at 830 nm. A temperature-stabilized single-mode diode laser operating at 828.8 nm
was coilimated by lens L (focal length f=8 mm). The horizontal polarization component of this
beam was then transmitted through a polarizing beamsplitter PBS. Asymmetry in the beam was
corrected by a prism pair before it was focussed by lens L, through a Faraday isolator FR (35 dB
isolation). The transmitted beam was then collimated by lens L3 to a spot size of approximately 2
mm. The polarization of the beam (at 45° with respect to the plane of the paper due to the Faraday
rotator) was rotated back to horizontal by a half-wave (A/2) plate. This beam was then incident on
a passive ring conjugator (a BaTiO3 crystal immersed in a temperature controlled oil bath and two
external mimrors M3 and M4, with angles 6; and 6, both roughly 30°). A pellicle beamsplitter
placed in front of the crystal was used to sample the incident beam and the phase-conjugate
reflection (using detectors D1 and D2, respectively) to determine phase-conjugate reflectivity. :

Figure 5 illustrates the measured temporal response of the self-pumped phase conjugator for
incident power levels of 2.6, 5.5, and 13 mW. Between measurements all gratings in the crystal
were erased with an argon-ion laser beam. The turn-on time of the conjugator decreased from 16

seconds at 2.6 mW (80 mW/cmz) to 8 seconds at 13 mW (410 mW/cmz) incident power. Once the
device turned on, the phase-conjugate signal increased to saturation in about 10 seconds. In all

- cases, the saturation value corresponded to a phase-conjugate reflectivity of 56%, not including
correction for Fresnel losses at the air-cuvette-oil-crystal interfaces. At all power levels, the
phase-conjugate reflectivity was relatively independent of crystal temperature, which was varied
from room temperature to 10°C during the experiment. In previous studiecs examining two-
interaction region conjugator reflectivities, the reflectivity was found to be enhanced by
cooling.'“s This discrepancy may be due to the gain being sufficiently large over the entire
temperature range we examined that the reflectivity of the conjugator was always saturated. In
contrast to the reflectivity, the time-response of the conjugator was temperature dependent. It
increased with cooling, as expected from the results of our two-wave mixing measurements reported
in the previous section.

The above results on the passive self-pumped ring conjugator represent the highest phase-
conjugate reflectivity and the fastest time response reported to date for photorefractive BaTiOj in
the near infrared wavelength region. As we have already mentioned, in previous experiments
considerably lower phase-conjugate reflectivitics and longer response times werc measured.2™ In
these experiments the diodc laser was not optically isolated from phase-conjugate reflections.
When we rerhoved the Faraday isolator from our experimental setup, the previously reported results
were duplicated. Figure 6 plots phase-conjugate reflectivity versus timc when the isolator is
removed (A/2 plate is also removed). Notice that the time response is much slower with the
isolator removed, even though we increased the incident power 1o 15 mW (475 mW/cmz). The
maximum reflectivity we could obtain without isolation was 28%, with significant fluctuations.

Most likely, these fluctuations were due to phase instabilitics causcd by the conjugate signal
« reentering the laser.

With no optical isolation, we examined the effect of various levels of phase-conjugate feedback
on the frequency spectrum of the laser using a 2 GHz free spectral range spectrum analyzer. The
feedback level was controlled by placing neutral density filters in front of the ring conjugator.
Figure 7 illustrates the mode spectrum observed for various levels of phase-conjugate feedback.
With no feedback (photo A), the laser operated single mode. Note that the photo covers two free
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spectral ranges. As pictured in photo B, with 0.04% of the output reinjected (measured outside the

laser facet with a pellicle beamsplitter), the spectrum was multimode (bandwidth 1 GHz). With

>0.06% reinjected (photos C and D), the spectrum from the analyzer appeared flat indicating a

bandwidth much greater that 2 GHz. Separate measurements with a 1/4 m monochromator indicated
- that the spectral bandwidth for these injection levels was >5 nm.

4, CONCLUSIONS

In summary, we have described TWM measurements in photorefractive BaTiO3 using 830 nm
radiation from a GaAlAs diode laser. A TWM gain of 5200 (17 cm!) was measured at room
temperature, increasing to 8000 (18 cm'!) at 11°C. These values are comparable to those
previously measured in the visible. TWM response times were measured and found to be on the
order of 50 seconds at room temperature. Cooling the crystal increased the response time by a
factor of two.

Using a BaTiO3 self-pumped phase conjugator operating at 830 nm, we have shown that good
optical isolation from phase-conjugate reflections is required to obtain optimal conjugator
performance. Phase-conjugate reflectivities as large as 56% (not correcting for Fresnel losses)
with response times on the order of tens of seconds have been observed. These values represent
significant improvements over those previously reported in the literature.
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Table 1. Measured two-wave mixing gain for BaTiO;

Lobe(mW)? L, (mW)*  y(deg)®  a(deg)®  Pdeg)® T(C) G
A 1.2 2.6 0 -15 15 22.2 1.4
B 1.2 2.6 15 -15 15 22.2 1.8
c 6.1 12.7 15 -15 15 22.2 2.3
D 0.098 12.7 15 -15 15 22.2 9.2
E 0.098 12.7 15 -15 15 10.7 9.7
F 7.3x107 12 30 25 50 22.2 5200
G 7.3x107° 12 30 25 50 11.0 8000

*Measured before crystal
bSee Fig. 1 for geometry
€Crystal temperature
Two-wave mixing gain, see Eq. §

LASER
DIODE
828.8 nm
30 mW

PRISM
PAIR"

Figure 1. Expcrimental setup for two-wave mixing in BaTiO3 at 830 nm
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Figure 2. Two-wave mixing gain coefficient versus temperature. TWM geometry
consists of angles a =25°, B =50°, and y =30°.
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Figure 3. Two-wave mixing time response versus temperature. TWM geometry
v consists of angles a =25°, f =50°, and y =30".
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Figure 4. Schematic diagram of setup for seli-pumped phase conjugation in BaTiO4
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Figure 5. Time response of the self-pumped phase conjugator with isolation
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Figure 6. Time response of the self-pumped phase conjugator without isolation

. Figute 7. Mode spectrum of diode taser tor various phase-conjugate teedback levels:
(A)0.0% (B)0.04% (C)0.065% (D)0.12%
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TUX2 Phase conjugate sscillaton

" WUN-SHUNG LEE., SIEN CMI. National

Chiso Tung U., Hsinchu, Tsiwan, China,
POCHI YEH, RACINI SAXENA, Rockwell
International Science Center, 1049 Camino
Dos Rios, Thousand Oaks, CA 91360

Optical resonators containing 3 phase
conjugate mirror (PCM) have been 2 subject
of great intetest, where the PCM is em-
ployed as an end mirror of the tesonator
avity for intracavity aberration correc-
tion.! Recent theoretical analysisindicates
that (ke insertion of a PCM inside a ring
laser cavity results in » reduction of the
lock-in threshold and reduces the imbal-
ance detween the amphitudes of the oppo-
sitely directed traveling waves ¥ In the ex-
treme case of phase conjugate oscitlation
without conventional gain. lock-in can be
completely eliminated? We have devel-
oped a general theory for nondegenerate
oscillations in a phase conjugate oscillator
{PCO) i.e., an optical resonator with a PCM
a3 an intracavity element  The PCM con-
sists of a nonhnear transparent medium
pumped by a pair of counterpropagating
lasce beams 30 that phase corjugation of an
tnput beam with possible gain i3 achieved
by noadegencrate four-wave mining
(NFWM). The hinear absorption/gaa in
the medium ts also taken tnto account In
the absence of any conventional mirrors so
that the PCO dehaves like an ordinary
PCM, we recover the resulty of phase conu.
gatian by NFWM ¢ Our study shows that
the aonhinear gain required for oscillation
is comsidesably increased/decreased due to
the binear abeorption/gatn ta the sedium,
while the baadwidth and the sndelode
structuee of the dandpass bilter are also af-
fecred. In the case wien thete 1s only one
conventivaal mirroe, the PCO seduces to a
phase compigate resorator (3 resoRator
bounded by a conventional mirror and a
PCM)  Out theury shows that pundegen-
ecate vectilation i possibile 18 such a sesona:
wr The theosy can 2l be uwd to study
the effeces of bineat abaveprion’ gatn os the
filter opetation

$ A K Swgmaa P A Belorger o8d A
$tardy, Optical Phase Conpegatisn, R A
Fishos, $d (Adadeii. New York, 1983,
Chap 13 and the reteseaces thetern

3} C Duehiandl C Mehtutart Ope Len
6, 219 (198}

3 P Vel § Tesdy, aad &t Khuohaeviaan,
Prow dov Prare Ope fasteus Fag 413,
230419831 P Vel asd At Mhuohevinan,
Peuw Soi Phutatdps bastiem Eng 487
HLAREL 2T

4 D M Pepper and B L Absazs, Op
Lot X 212 (1908)
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TUX3 Perturbation analysis of pholore-
feactive phase conjugation

GUIFANG L1, BAHAA E A SALEM, U
Wisconsin-Madison, Dept. Electrical &
Computer Engineering, Madison, W!
53706-1691.

Using perturbation theory, we examine
the fidelity of the photorefractive degener.
ate four-wave mining (DFWM) phase conju-
gator when the probe wave is spatially and
temporally varying. Previous theories are
based on linearized undepleted pump ap-
prorimation and Laplace transform tech-
nique  Fully nonlincar solutions assume 2
single monochromatic plane wave probe
We have considered instead the more gen-
eral case in which the prode is spanally
varying (2 beam) and/or temporally vary-
tng {a pulse). and the pumps are allowed to
depletc. The prode wave is expanded as 2
sum of monochromatic plane waves of fre-
Qquencies w, = w, + 0, wavevectors b, and
comples ampluudes A (8, k). where wp s
the frequency of the pumps  Using a pes-
tuebation approach up to the turd order.
we found that the components of the probe
interact in pairs, 30 that the component of
the conjugate wave at ~}, ~k; is

Ad-R, ~k) =M1, k)
* D N2 b, M k) ()
t

M2, k) is the Uinearized tesponse, p{l, ki
£, L) represents crosstalh when ) # 1 and
sclt-noalinear effect otherwise  Both fune-
toas ealidit sesonance behavior  We use
Eq. (1) to determine the sesponse of the

coajugate to pulsed beans

S Pt

TUXE Studies on the transicat buildup
of & photorefrastive dauble phuse cenju-
gate mirros

QI-CHE HE CHE € SUNU. | GRANNG
DUTHIE. U Alabama it Huntaville, Prys
we Depe, Hunsitle AL 35395

In the application of 2 photuscttative
double phase cunjugate Wirsus, the tsan
srent butldup sad the dy faimu bebavios aze
Bath intetesting and tmpostant  The tem
porral instabilition of the dstves DFCA wete
atudied revently ' s this worh we present
a Ruderiial study of the taRatent Buldup
3z 3 IURATWR Wl ¥2flous Pitasiictesy  total
tateRatey. beat fatio, steady state phutase
tradtive cuuplifg gatn, a8d wreding levels
We tabe the staadand fuut wane wiessig
wondel’ tatuding the ENbye telssanon
equitiun fue the xpave-chatge elevesii burld.
ustg the typiial Boundan doRdiios bud
the DICA and Ao thitual spae-charge
field  We Bind that (1) the Baaldep tiie of
the DECR which is defined o the tiiie the
PR cotpugate seilevtinily teavhes 904 ot
1y ateddy adate pefbeclivety, i alss sRvedse
PlupuRIAS! W the butal imteRly . (2 the
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buildup hime docreases and tends to satu-
rate as the steady stale coupling gain in-
creascs, () the buildup time increases ap-
provimately quadratically as incident beam
ralio deviates unity

These cesults, including the seeding level
elfcct, the enternal electric field effect. as
well as some experimental results, are also

presented

1. W Krolikowski ¢f of . in Techricel Digest
of Conference on Quantum Ulectromus and
Laser Saremce (Optical Society of America.
Washington, DC, 1989), paper WDDIL.

2 M CromnGrolombd ¢t of, 1IEEE J. Quan-
tum Llectron QE-20, 12 (1934).

230 PM
TUNS Twe-wave mizing of optical sig-
nals in the plasma medium

§ A TATARONIS. G € PAPEN. U Wis-
connn-Maduon, Dept Electnical & Com-
puter Bngincenng, Madison, Wi 53706-
1681

Amplification tesulting from two-wave
mustng of optical signals eccurs 10 nearly
degenerate or, equivalently. transieat coa.
dinens, subpect to the restnction that the
tespunse of the moalinear material to the
tncudent wave is not rstantaneous Re-
cent work has fucused oa Kerrlibe matesi.
ats' In the present study, we explore the
tine dymasuds of two-wave misiRg I8 a
Kerelthe (e @ 1) but monlocal, plasma
where the tequited delay peogess i ia-
duced etther by o ssmple calitsion mecha-
afum o by tardsu damping  Masvwell's
eguations afe ceupled to the appropmate
govesmung equativrs of the plassa. .
lowed By linearisation baaed 08 3 stroRy
vAdepleted pamp wave and si@plibivation
By the slowly varying envelope 3pplustifia-
ton Tww plases mudels ate eaploscd (1)
o warstk vallistonal plassma aad (1) a Viawn
Plaamsa tu stiiglate the effedts of Landsu
dasmgneng 18 each daxe. the resulung equs:
togs ate stved vis Laplaie tranifuem terh.
Rudues I8 the peescsve of 3 delay miedchs
Rk e tea-erave BLGNE prodietsy plo-
duces spatial smphibiation of an applied
Prube wave LR HaRsieRt (0t Avasly degenes:
) ity AR cARIRNemer! of the
Plaria teapotae wiive wheh 8 Sovisg a
tensity gratifg PAPogstiig 8 ¢ veluiity of
& Aatutal Mode of the plasies s graetated
This enhafiemeal Vf timo wave BIARE (3R
S dofailesed 3 bodih ol sniiated Bal-
fugii wistte g

1P ek tRER | Quaniui Bievisoa Q.28
€54 (1983)
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10:30 AN  Phwstoreiractive Nenlinear
Optics:

Marvin 8. Kiola, Muhes Research
Ladboratories, Presider

T Seoav sfeantus Iv ghotovoitosiive aen-
S apiite

POOS YU, Aschwel tnervations Sciemms Con-
tor. Thousarst Onks, CA 91340

Prarreractve Cysals ach o §aTI0y SN,
850, 0 500 we Uy ter o muat oMiclart Malers

g immmnn

W Pess CONLAPLrY. tou ot INashered s
BATe CAA Ang each otr 1B raluDe & ok of
prase gt beate buhie & phutreieciive
orral. The wpstisl wewstwes of P bume o0
omhgntet, and e wvganl iwwmption b e
crargel  The phase eurpguiion reguires P &
SaMsrenn gresarce of bol taave.  Bush eanje
wmmmﬂm
twe rosiuerent Mae besme R BATIOL >4 Mt
iy rorped phase el gt et Glas DO dam-
SRl N § Fing Fesenay which b ilad wilh ben
rameracive BaTIO, ymak.' AN te
Skisecsoral encitiation by Be rasonster® aan e
viewe? 83 & pmshie suderiom W Te pais
CWlugation, LITC I Jnge Syl Can Sha b
aapiainad In Wy of olagrem Sharingt’ ant se-
oazitatian.®

A row ype of phose GG Vwritourew
wis awanhad® sal GuveuEwal wbg &
MAYC. P few INrirwreler. (0e o T M-
oo of & GO Sagrec g WarteraTeey
» seplacmd wih a8 MPPC.  Thin Wsrteamuie
a3 e Gal ashse of Mchwhan ard Sagret bie
tworety. Such oA VISR W de
SRt wing & BaTiO, e ving phane eanhgn
¥ e etearew b waat B periom pasa
W VPG WIFEACHGR Guw & brge ASY.  Wihen
pacal Kiuw Saage -0 Fesrt B PGPSRl pAR,
Ghus opin @ren CAA 0 QUGS b FEEhA
[V

Gamyvgainiiatir Weows SN B ads
AR s pekantt o eemparund -
Gt yaais wah ot GaAd U o aigritt-
CANDy WAk PO NV (PR TN Suiy
o Te Gl PR B alRR, P e
Sabape WAt B0 WD AL oF chech sl et
St sire P ginidily o U RSN
Seruned MG b VTR T & SRR @ G
vl & cagiad © Fe § syt o fo e
A OAE BICS el Sasth N sve S o
s MA e eTeh g R K sey o Se
PAARI TR SR Baisshsimn TeAl

A e FaPl o HTRpsIble Nl Sae.
CRIA S Geaivel sl Gaturelrgast 4
Sasdh 6 Ce SRTt WkIm Fo ANS SR o
G GAging B gAY MeRpUte e
PPN 8 HRAGS I TSGR
Seam ok ady of DAF AR D A0 GiEp O
@taRst  Corumaland’ S@U -wald Rfpi:
M MNLA 82 Wl ks Gy W
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which lnads ' an erargy sMiciincy of VN, wiwre
N 0 s of Goleciers.  RiNg o camilination
of o phovireiracive Crysisl, @8 S0 ot & beam
apiine, & whove lologem b enstuiied which
reiies T0 baruvacien Wit O hant
orurgy Mas. The ranut b & recaniiguredie e~
SRAROCtion wil Ngh anevgy oNiClanCy. The e~

wvia Sragg fvaciion bs & T Apeesd of AgNL

» avnay. We akbess snw ¢ the muet
rpertant end ramresting phaner slractive phenam
ane and ok wem houfing raally gunee?
ohane GBNNPEIEA, SELPNAZAEIN teoanve
onining B3 QAK SUNOSNACISrS DA enjugate
wtgeveion. o pheiseiri.dve Fuamvec-
L3 (eliet papes, 23 min)

L2 O W o a2, Mgl Piwm. Lok 44, 450
(t9a2)

2 2 Fovewrg Opt. Lok, 7, 488 {1942); 4. 420
{1982}

3 M O Ceawe, Opt Lo 13 4T {\382)

4§ Welas, & Sewin, o 8. Faows, Opt
Lol 12 11887}

S AW.Cmarowa W C Sma, Opt. Lok, 02,
SHEINT U I

6 P.YAA Y. V.Onung ant M. D. Evtand, 2 Qpt
Sax. Am, B 4, 1243 (1980}

2. P. Yo stwnied W Opt. Lo, (13400

& M Quinlaoes o o, L J Oasam
Cocaen. GE-3¢, 22(1984)

& L Mhchant, M O Cotarh, N2 P, Yob, i Tae
Akl Oigoet. Combesorce o Lases ant binc
re-Opics (Qamiat Sackety of Awica, Wasx
o, DG, MASL papw TUQ2

WP Yo ) O Sat. A § &, 02 (0541

LY. Oug AL T O, ot .Y 8
Toagvwion Dgest, Taphial Musting an Foui e
Sane Mmmai, Ee, an? ODevioes (Qpt
- Seowm ¢ Aeeuam, Waskagaa OC,
1987) pagw WEA

2 F Yer ol 3 Oy 0 Txwicn’ Ohgest
Tappicm! Shmstmng om FOAN o N Mpierias:,
S gt Omaios {Qptcn: SaSinly o S
kA Rawogin, O0, 1382) pagw WCSE

20 LY. Oarg AL T Ol antf Yor & Ot
S, Am B &, 22012080,

e\ 2 Owgont P Yo Opt Len 1) &2
1 %

15 P Yer A € Ouiu sl Mg A O B2,
eI ol
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WBS SUITICIONt 10 resoive &0 isdlatud Duoppler-
Wosdened component. many ¢t e hypertine
STVERTES e Only pirtidiy H930IvES 88 1O Sver-
10090 oF 190 COmpnants A 10ast-3Quares WCh
e was e 10 Fil 19 0030rved e CORtOS 10
& singarameter Modet of e platinum Pypirfing
srvehee  Those paramelers inciuse T Doppier
wifin, 18010p8 SN, 303 wPOEr NS Kwer level
hyporiing spiTiing conlticionts AcCurate ieciape
Shifts 8nd Mypertine SORRING COBMICIents Kv Maay
of B MAOWN lovels Of AGutra! platinum were deter-
Mingd horm e analysis of over 3100 Wansinons
(Poster paper)

MAZ4  Speckal grepertios of NgM scatiered By
& Moving ons-gimensions! diftuser

EMIL WOLF, U Recrester Physics & Astronamey
Ospartment, Roctwste:, NY 14627

Thers enists & vast literatur @ retating to the sta-
Nstical groperhes of koht obtaned By sCattering
Bser kght By B Meving diffuser  Some pudica-
SONs Ire raSTICIEC 10 a0 Bralysis of e effects
Produced By & unitermily MOving diMtuser with a shit
Ap0rtre along its Srection of Motion ' We show
Mat s case is raMer erceptional, Decause it
PR0arales & kel B\at 1 30aNally Compietely Coher-
oA Bt 6aCh equency 1 The physical reasons for
TN result are BisCussed  We 2i30 Gerive @ ea-
Pression kv e S02CHm™ of the tar Neld praduced
By scanenng of & PalyCAQMANiC plane wave g
Gan! aarmally 04 e @ffuser  We And that it
€ers Famn B sDecrum of e incident Hield
Pg raspects R suMers a Doppler sNR due 16 e
matian ot the GiMuser, and 2 13 maditied i & man-
et At depeads o0 e Correlation propertics ot
Be tituaer  Rumenical esamples are given wiich
hgw Bl although these eMecty are relately
SMal. ey Mo willun Be F29ge of eaperiment

(Puster paper)

b2 W Geetman, Suatistical Opics (Wiey. New
Yor, 1935), Sec 533

3 % Susane ¥y Faamar J Opt Soc Am A2
437 (198

3 L Mande! as2 € Wolt. Opt Commus 38, 247
tredn)

41 Apgresimate wahiion 10 asnlingss puise
ragagalins bn aplicy! ihesn

PERRE ANDRE BELARGER £ MORIN P AtATm
€U, U Lavar Pryscs Depoment -LBROL Saate.
Voy. P Q G IPe Canazg

Saliten Puite PreaZEbRA B IPL! Alers it Aue
CUHOAL) @apI0RT  SiAde e WrgiRa! prupusal By
Masegaed ot Pappent’ oF vang sohbars i Ggtcat
SHARLAURER, oy Ot BRULLANGRs Rae
Ween propviol BIlabng T Cuatral oF 3 lases L T
SRUNA bkl B 29 Ggticol ket b EmAwesiiy v
WEERIBNUAS T Wl Pulte pardifeters g/ it
GHAL By S b4 Tste b by Peietate pae
BB on GehlidAs W BULR 3 GBse B Railies
Soreuadiagns GQuAtuR Bas! be SO Rutes i sty
b, b LR P Mabest Wekses oF Bu
SEhMGA, 8 S O Mheect W SRTR b 3 Sutgin
APPFAIREN SGLR  Suck 3 SR 1 present
Gl iawe B CRASIS': & & Fugustehc A0 cat wilk
Sl sulih AT Wesally CReigead ghate W 8
MsS Coder R, B Riiira DuFeudig
QR 1 HERL B B B AALARS: DRerpnt st
MRatas ks Koo well Bhok gak G Whengr 24}
Sy s 430 gl SuRgie seletiis e Ve
e GRP COmMRIAl BAD jaab  MRGHLaR
Frarco (o0uts 04 Th Cuotparad with B G
G WRELAG GBI By Fa Bt Grapagatand
BOFeal & P MFetwal & K b B
PGEAEN T PPte it @ N ey O B
Dde G K et 68 82 N S D sailub BihAWR
e Coults Ui i By Be dqpsusiiuate s

AMOSA/MONOAY POSTER/S4 ‘l‘ Rockwell International

HON B0 8150 Smiler 10 TY0Le OUIANGS By Ander.
£80" uBing & vErialional SREreach Be3ed on Gawss.
o wisl nctions.  Ow simple mode! could be
Vaeiv v 50m) appiication (lor esample. madehng
e 50N laser). 8nd i provides o better unde:-
slanding of The iMerpisy Betwesa Sispersion end
Aoniines efects (Poster paper)

V. A Hasagawa and F. Tappent. Agpl. Pws. Lent
23, 102 (1913

2. L F. Mollenausr snd A . Stoien, Opt Len 9,
13 (1364)

3 0. Anterson, Phys Rev A 27,3135 (198))

MAZE  Angio-tuned muiting stimuisted Kaman
ocaRoving

SRADLEY BOBBS. ) A GOLDSTONE, MICHAEL
M JOHNSON, Rochwell internationa! Corp . Aoc.
Rettyne Division. Canocga Park. CA 91303

The shmulated Raman scafering gaw of & muiti.
hne pump laser spanning 3 sulficiently wide spec.
F3l range b5 signiticanlly reduced kom Bat of a
AMTQWOING laser.  This is due 10 G8sirucCTive inter.
ference dat L X S Raman eftect
853 he Raman+e3anant four-wave mung eftect
which cauples he hves together  However, s
interterence Can be Constrained 1o be always con-
struCtive By angie tuning of e pumy sad Stokes
$002 Inpt Daams 19 salaly 3 phase matchng
condinon far v four-wave Tusag  The A3 row-
BanC Raman gain will then de ebtaned  Calcula-
Ua0s $or 8 twa-ine XoF aser in 8 Raman conver.
$1an cell show Ml sudmuiiv adian bean angies can
INaIten the raquied Coll lengih By tactars of ~2,
while I00sening ™o purmp indensity varalion toier-
anCe By 3n eeder of magnitude  Calculatwas far
Lasers with wider $0eClra indicate the patental far
mUCh larger gain increases and call longth reduc-
tugas {Pestes papes)

MR2? Wesh diapasnive oltects bs Ryman ampii-
Seation

CHARLES WARMER, BRADLEY BOBSS, Rackwell
iAtesmatieral Corpy . Rachetdyre Oiuzsiga. Canaga
Paa. CA 91303

Laiy MeQium A3000100 Can Fedue TAG ShiRy-
tated Ramas sCaRering gain K & Issalband ser
msmuwmwm«m
Stobes Fequeacy comrtan Mg 350 bauls Re
VAR COMErIon MIeAly SChBVADIE W 3 oryg
Cell Makiung @ Iese eMucts, RaACUlaly e
BRer e, Must ACCRUAL I dBPINEQA O I puAy;
Gt Wlensi's 33 R I3 CORead  RChusier o
Seplctush @Ml b Pee vl VAR pted A
Meladeliing eMats My Be BICHRQHINS weiRe 3
BRADUBLBOR WOARGLE b wdah BEPNLGA N
Serzar tesults Br o I51am Laes W 35 s of
Bediagen s 3 Levh Baselel Wow B 3
Ss sl pOFIIBION Calk Wt 15 Bdie atle by
P B CoRw IR SMCwAly 9% Bntlve Ber
©=aRtiE Gt The eRfuimiey b sl & Qe
PRI BANOSIRALEEr QB Al gty Wil BNTeds
g hATe i 58 BAdeuTie W b ~2 ) A An
Gt BAFOs UM SsGndIlivn By be GO Bu
SSeAT IR0 HOUR: W RGRele Ber diheuls o o
Sl Sadular A NLgREaRl lastesua Be guriy 3a.t
Soanes el Gansian (Podes papas )

W Cmpitiel asmp Sougs o Paliy-Posat
WlaReisiales SPOCANMEA St

KIEI 0 GORD, S5 NASA Langie; Beseash
Conter Buhgran. VA 245 4225 malaeme ¢
BOMAN. DTS HLL. Spstem Saaier Y frder
Para B mgmphun WA 03684 CRARES £ §a
G 3 St Gl . 20 Beans 2 o0 gy
e WA IS

Falsp Jrusit vatelerutninss ey lows Lim? oa
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many 8l specksl
onts Qp‘-: Yeve is 10 deveigp and

CEASIIUC! & Wevemeter 10 grovide Moy wave
WAGTh conboid Messwements of Aable solls
state lasers  Bocause of B Ng: resodtion and
IO Use N Many AOHCALONS. the Classical Fatry.
Porot-2ased wavemeter was chosen  With inter-
ferormeiers. one of e most SilficuR pradlers is 10
Mainiain ParMe) Stadiity over ambier ormpers-
Wre excwsions. For he wavernater, 8 two-slage
Prormmal conkol has Seen evahmied  The interier-

Wier is G In & Termal-vacuum Chamber
with Fne lermperatse Control  Thug interter
system is Tn enCiosed with & secend housing
with Course rmal comral  In BOth cases. e
temperatre cantrol is above aMDnt 10 provide
smgler regulation  With e wrmal Convo! pro-
wed, the Oer variabie 15 Aow S0 mount the £ abry-
Perat iierterommter 1o Misverze Permally induced
Mechaucal mounting tresses  Several support
Fstures were evaluated using & Zeeman ttabiuzed
sngie kequency He-Ne (aser as ™ seuce and a
phoradiade Mrray 83 the Gatectr The laser ie
considered & partect 1aurce with any end-to-end
wiarlerometer outou!l varatians caused by .
mal-mechamcal maunting stretses A wide angs
Q! end-lo-end measwements on a svee-tinger
Heshare SUDOON Praxide: 1A 10 within the SLADI-
220n LDECHCINGN ofF the My -Ng laser

(Postes paper)

MAZS  Osuble phase-conjugsie aacitipiors

WAN MCMMCHAEL, PALL BECKWITH, POCH YEN,
Rachwe!l internatanal Scwace Conter, Thousand
Cagns, CA 91360

WheR teo PRISECOMUGIle Murgrs wilh [~
¥e plazed Aeat eaCh QM. 3R OCHIALGA will Busld
W between them  Thus 1y called 3 Goubie phase-
Conugate escilatar (DRCO,  ORCO: Aave many
e/ e3tng PRYSICA! propertes Rat Can Be \aed 1o
make senadrs  For esamgie. he bequanagies of
Be COunergragagating ecUlabons B § haga
OFCO ae mdegendint of Me recgracal wghicat
$AM lesgth oF e 105001 N ARG GRGRAIVAL OA Bie
AV e recal SRl pats kengh  Tus 3 e e
A3t OgPese of bAaRa QAgH 3 WaRY
@ Mot b e lasers)  Siade wwrtia! eMegts g4o:
Quioe A S pheCs) pRase sfulte. e DECOy ¢an
B used ts sense mutivr BB G, e DPCO i e
@Aty 0sCilaor Al 5 BApms W S CAGAT OF My
B BIASRIBGR  ARRAGR COANRRANBRG! GEhas
€4 B wied b Make IGLINR WATY BTt
b e 0Ag laner gures) Peede deees CAVDY wte
3003 120t Gk Hnbia o ke GUR COMGRYZ 91 8AQ
Wacs Suter BOR B prabinom OF BauEASY b iy
Preve Qratieiis @0 AW @42 @ PP Syt
PELH ey

Hhe Qafiin PRI CUAMGAN HEARSEN Coh alt'
e ute? Rt CRAMMIRIANGAL wlare $aik Prase
SRl 8.2 Y B FANS B BB CaAR
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ABSTRACT

There have been several significant new developments in
the ares of photorefractive nonlinear optics during the past few
years. This paper briefly describes some of the important and
interesting phenomena and applications.

1.0 INTRODUCTION

The photorefractive effect is a phenomenon in which the local index of
refraction 15 changed by the spatial variation of light intensity. This spatial index
variation leads to a distortion of the wavefront and is referred to as “Optical
Damage."! The photorefractive effect has since been observed in many electro- -

. optic crystals, including LiNDO,, BaTiO,, SBN, BSO, BCO, GaAs, InP, and CdTe.
This elfect arises from optically §emratcd charge carriers which migrate when
the crystal is ~xposed to a spatially varying pattern of tllumination with photons
of sufficient energy.?,? Migration of charge carriers produces a space-charge

. separation, which then gives rise to a strong space-charge field. Such a tield
induces a change in index of refraction via the Pockels effect.* Photorefractive
materials are, by far, the mast eflicient media for dptical phase conjugations,s
and real-time holography using relatively low intensity leveis (e.g., | W/cm?),

2.0 TWO-WAVE MIXING

When two beams of coherent radiation intersect inside a photarelrac-
tive medium, an index grating is formed. This index grating is spatially shifted by
v/2 relative to the intensity patters. Such a phase shift leads to nonreciprocal
energy transfer when thase two beams propagate through the index grating, The
hologram formed by the two-beam interference inside the photerefractive media
can be erased by Hluminating the hologram with light. Thus dynamic holography is
possible using photorefractive materials.?,® Some of the most important and
interesting applications are discussad as follows.

Laser Beam Cleanup

‘ Two-wave mixing in photorefractive media exhibits energy transfer
without any phase crosstalk.,'¢  This can be understood in terms of the
ditiraction from the seti-induced index grating in the photorefractive crystal.
Normatly, il a deam that containg phase information ole,t) is ditlracted from a
lixed grating, the same phase information appears in the diffracted beam. In self-
induced index gratings, the phase information ¢{r,1) . impressed onto the grating
In such a way tat ditfraction from this grating will be accompanied by a phase
shift «ede,t).  Such a sell-cancellation of phase information is equivalent 10 the
reconstruction of the reference bearn when the hologram is read out by the object
beam. Eneegy transter without phase crosstalk can be employed to compress both
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the spatial and the temporal spectra of a light beam.i¢  This has been
demonstrated experimentally using BaTiO; and S8N crystals.s-11 :

L Photorefractive Resonators

The beam amplification in two-wave mixing can be used tc provide
rametric gain for unidirectional oscillation in ring resonators. The oscillation
has L.ven observed using BaTiO; crystals.'? Unlike the conventional gain medium
(e.g., He-Ne), the gain bandwidth of photorefractive two-wave mixing is very
narrow (a few hertz's for BaTiO;). Despite this fact, the ring resonator can still
oscillate over a large range of cavity detuning. This phenomenon was not well
understood until a theory of photorefractive phase ~hift was developed.!? This
theory also predicts that the unidirectional ring resonator will oscillate at a
frequency different from the pump frequency by an amount directly p-oportional
to the cavity-length detuning. Furthermore, in a photorefractive material v ith
moderately siow response time 1, the theory postulates a threshold where oscilla-
tion wiitl cease if the cavity detuning becomes oo large. The theory has been
validated experimentally in 2 BaTiO; photorefractive ring resonator. 1t

Optical Nonreciprocity

s [t is known in linear optics that the transmittance as well as the phase
shift experienced by a light beam transmitting through a dielectric layered
medium is independent of the side of incidence.!S This is no longer true when

_ photorefractive coupling is present. Such nonreciprocal transmittance was first

. predicted by considering the coupling between the incident beam and the refiected
beam inside a slab of photorefructive medium.16é The energy exchange due to the
coupling leads to an asymmetry in the transmittance. [n the extreme case of
strong coupling (yL >> 1), the slab acts as a "one-wdy"™ window. Nonreciprocal
(optical ) transmission has been observed in BaTiO; and KNbOj:Mn crystals.t7'18
In addition, there exists a nonreciprocal phase shift in contra-directional two-
wave mixing. Such nonreciprocity may be useful in applications such as the
biasing of ring laser gyros.18,19

Conical Scattering

When a laser beam s incident on a photorefractive crystal, a cone of
light (sometimes several cones) emerges irom the crystal. This has been referred
to as Photorefractive Conical Scattering. [t is known that fanning of light occurs
when a laser beam is incident on a photorefractive crystal.20 Because of the
strong two-beam coupling, any scattered light may get amplified and thus lead to
fanning. In conical scattering, the noisy hologram formed by the incident light
and the fanned light further scatters off the incident beam. The fanning hologram
consists of a continuum of grating vectors, but only & selected portion of grating
vectors satisfies the Bragg condition for scattering. This leads to a cone of
Scattered light. Photorefractive conical scattering has been observed in several
different kinds of crystals.2!-23

Cross-Polarization Two-Wave Mixing

. Cubic crystals such as GaAs and InP exhibit significantly faster photo-
refractive response than many of the oxide crystals. In addition, the isotropy and
the tensor nature of the electro-optic coefficients allow the possibility of cross-
Polarization two-wave mixing in which the s component of one beam is coupled to

€ p component of the other beam and vice versa. A coupled mode theory of
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photorefractive two-wave mixing in cubic crystals was developed.2* The theory
predncts the existence of cross-polarization two-wave mixing in crystals posses-
sing a point group symmetry of 43m. Such a prediction was validated experi-

. mentally using photorefractive GaAs crystals.25-27 Cross-polarization two-wave
-mixing provides extremely high signal-to-noise ratios in many of the applications
which employ photorefractive two-wave mixing.

Photorefractive Optical Interconnection

A new method of reconfigurable optical interconnection using photore-
fracuve dynamic holograms was conceived and demonstrated.?¢ Reconfigurable
optical interconnection using matrix-vector multiplication suffers a significant
energy loss due to fanout and absorption at the spatial light modulators. In the
new method, the nonreciprocal energy transfer in photorefractive media is
employed to avoid the energy loss due to fanout. The result is a reconfigurable
optical interconnection with a very high energy efficiency. The interconnection
can be reconfigured by using a different SLM pattern. The reconfiguration time is
limited by the formation of holograms inside the crystal. Once the hologram
which contains the interconnection pattern is formed, such a scheme can provide
optical interconnection between an array of lasers and an array of detectors for
high data rate transmission.

3.0 OPTICAL PHASE CONJUGATION

Optical phase conjugation has been a subject of great interest because
of its potential application in many areas of advanced optics.*-¢ For nonlinear
materials with third-order susceptibilities, the operating intensity needed in four-
wave mixing is often too high for many applications,_especially for information
processing. Photorefractive materials are known to be very efficient at low
operating intensities. In fact, high phase conjugate reflectivities have been
observed in BaTiOj; crystals with very low operating power. In what follows, we
will briefly describe sume of the most important and interesting recent
developments.

Self-Pumped Phase Conjugation

A class of phase conjugators which has received considerable attention
recently are the self-pumped phase conjugators.t2,29 In these conjugators, there
are no externally supplied counterpropagating pump beams. Thus, no alignment is
needed. The reflectivity is relatively high at low laser power. These conjugators
are, by far, the most convenient phase conjugate mirrors available. Although
several models have been developed for self-pumped phase conjugation,30-34 the
phenomena can be easily understood by using the resonator model.13,14,35 [qn this
model, the crystal is viewed as an optical cavity which supports a multitude of
modes. When a laser beam is incident into the crystal, some of the modes may be
excited as a result of the parametric gain due to two-wave mixing. If the incident

. configuration supports bi-directional ring oscillation inside the crystal, then a
phase conjugate beam is generated via the four-wave mixing. The model also
explains the frequency shift of these conjugators.3s

. Mutually Pumped Phase Conjugators

Another class of phase conjugators consists of the mutually pumped
phase conjugators (MPPC) in which two incident incoherent beams can pump each
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other 10 produce.a pair of phase conjugate beams ‘inside a photorefractive
cryslal- The spatial wavefronts of the bearqs are con)ugqted and the temporal
information is exchanged. The phase conjugation requires the simultaneous

x presence of both beams. Recently, S:onjuggtors were demonstrated experimentally
using two_incoherent lpser beams in BaTl_03.36,3°,39 Thesg phgnomeqa can be
explained in terms of either hologram sharing39,%0 or self-oscillations3? in a four-
wave mixing process or resonator model.*!

Phase Conjugate Michelson Interferometers

We will now consider a Michelson interferometer which is equipped with
phase conjugate mirrors. Such an optical setup is known as a phase conjugate
Michelson interferometer and has been studied by several workers.42-%% By virtue
of its names, this interferometer exhibits optical time reversal. Consequently, no
interference is observed at the output port. The output port is, in fact, totally
dark.** Such an interferometer is ideal for parallel subtraction of optical images
because the two beams arriving at the output port are always out of phase by =.
This has been demonstrated experimentally using a BaTiO; crystal as the phase
conjugate mirrors.*5 Using a fiber loop as one of the arms, such an interfero-
meter can be used to sense nonreciprocal phase shifts.«6 A phase conjugate fiber
optic gyro has been built and demonstrated for rotation sensing using BaTiO

- crystals.«7,48 '

Phase Conjugate Sagnac Interferometers

Using the mutually pumped phase conjugators mentioned earlier, a new
type of phase conjugate interferometer was conceived and demonstrated.“$ In the
new interferometer, one of the mirrors of a conventional Sagnac ring inter-
ferometer is replaced with a MPPC. Such a new interferometer has a dual nature
of Michelson and Sagnac interferometry. As far as wavefront information is con-
cerned, the MPPC acts like a retro-reflector and the setup exhibits phase con-
jugate Michelson interferometry and optical time reversal.4* As for the temporal
information, the MPPC acts like a normal mirror and Sagnac interferometry is
obtained. Such a new phase conjugate interferometer can be used to perform
parallel image subtraction over a large aperture. With optical fiber loops inserted
in the optical path, we have constructed fiber-optic gyros and demonstrated the
rotation sensing.

Other ﬁevelopments Related to Photorefractive Nonlinear Optics

In addition to those described above, there are other significant
developments. These include polarization-preserving conjugators,$9 phase shifts
of conjugators,5! optical matrix algebra,$? fundamental limit of photorefractive
Speed,53 nondegenerate two-wave mixing in ruby crystal,sv and nonlinear Bragg
Scattering in Kerr media.$%
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Double Phase-Conjugate Oscillators

Ian McMichael, Paul Beckwith, and Pochi Yeh

Rockwell International Science Center
ABSTRACT

We describe the physics and applications of double phase-conjugate oscillators, and we

investigate the properties of such oscillators using photorefractive phase-conjugate mirrors.

SUMMARY

When two phase-conjugate mirrors with gain are placed near each other, an oscillation will
build up between them.! This is called a double phase-conjugate oscillator (DPCO). DPCO's
have many interesting physical properties that can be used to make sensors. For example, the
frequencies of the counterpropagating oscillations in a linear DPCO are independent of the
reciprocal optical path length of the resonator, and dependent on the non-reciprocal optical path
length. This is the exact opposite of linear oscillators using conventional mirrors (i.c. lasers).
Since inertial effects produce nonreciprocal phase-shifts, the DPCO's can be used to sense motion.
In fact, the DPCO is the only oscillator that is known to be capable of measuring translation 2
Although conventional optics can be used to make rotation sensing oscillators (i.e., ring laser

£yros), these devices can not use solid state gain media due to gain competition, and they suffer
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from the probleém of frequency locking. These problems do not exist in phase-conjugate
oscillators. The double phase-conjugate resonator can also be used for communications, where
each phase-conjugator acts as a transceiver. Information can be exchanged between the
phase-conjugate mirrors by modulating the phase, amplitude, or polarization at one of the mirrors.
The phase-conjugate communication link has the desireable properties of high directionality, self
tracking, and aberration correction. To study the properties of DPCO's, we constructed a double
phase-conjugate ring oscillator using a single crystal of barium titanate. The predicted propenies of
this oscillator were verified by introducing reciprocal and nonreciprocal elements into the ring, and
by observing the resulting effect on the frequencies of the bidirectional oscillations.

This research is supported by the U.S. Air Force Office of Scientific Research under

contract F49620-88-C-0023.

1. J.Lamand W. Erown, Opt. Let. 5, 61 (1980); M. Cronin-Golomb, B. Fischer, S. Kwong,
J. White, and A. Yariv, Opt. Lett. 7, 353 (1985).

2. P. Ych, M. Khoshnevisan, M. Ewbank, and J. Tracey, Opt. Commun. 57, 387 (1986).
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. INTRODUCTION

When two phase-conjugate mirrors with gain arc placed near cach other, an oscillation will
puild up between them.! This is called a double phase-conjugate oscillator (DPCO). DPCO's
have many interesting physical properties that can be used to make sensors. For example, the
frequencies of the counterpropagating oscillations in a lincar DPCO are independent of the
reciprocal optical path length of the resonator, and dependent on the non-reciprocal optical path
length. This is the exact opposite of linear oscillators using conventional mirrors (i.c. lincar
lasers). Since inertial effects produce noﬁrcciprocal phase-shifts, the DPCO's can be used to sense
motion. In fact, the DPQO is the only optical oscillator in which the frequencies of oscillation are
lincarly proportional to the velocity.2 Although conventional optics can be used to make rotation
sensing oscillators (i.e., ring laser gyros), these devices can not use solid state gain media due to
gain competition, and they suffer from the problem of frequency locking. These problems do not
exist in DPCO's. The DPCO can also be used for communications, where cach phase-conjugator

~ acts as a ransceiver. Information can be exchanged between the phase-conjugate mirvors by
modulating the phase, amplitude, or polarization at one of the mirrors. The phase-conjugate
communication link has the desirable properties of high directionality, self tracking, and aberration

correcton,

1. 1. Lamand W. Brown, Opt. Lett. 5, 61 (1980); M. Ewbank, P. Yeh, and M. Khoshnevisan,
Opt. Len. 10, 282 (1985); M. Cronin-Golomb, B. Fischer, S. Kwong, J. White, and A.
Yariv, Opt. Lett. 7, 353 (1985).

2. P. Yeh, M. Khoshnevisan, M. Ewbank, and J. Tracy, Opt. Commun. 57, 387 (1986).
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FREQUENCY SPLITTING OF THE COUNTERPROPAGATING MODES

Consider the linear oscillator formed by two phase-conjugate mirrors PCM a and PCM b as

shown to the right. The roundtrip phase condition is given by,
0, - Op + A LJC + Oy, =210 )]

where ¢, and ¢y, are the phase shifts for reflection from the phase conjugate mirrors a and b
respectively, Aw = @, - 0, is the frequency spliting between the counterpropagating oscillations
(note, if @, = Wy + Aw/2, where @y is the pump wave frequency for the phase-conjugate mirrors,
then 0, = @y - Aw/2), L is the length of the resonator, and ¢, is the roundtrip nonreciprocal phase
shift in the resonator. To gain some insight into how the phase condition determines the
frequencies of oscillation, we make three simplifying assumptions. First we assume the case of

weak coupling for which the phase of the phase conjugate reflecton is given by 3,
¢3=¢1*‘¢2'¢4*W2+¢m*¢g 2)

where Q) and 9, are the phases of the pumping waves, ¢ is the phase of the incident wave, ¢, is
the phase of the complex change in index, and Qg is the phase shift of the grating with respect to
the intensity pattern. Second, we assume that the frequency shift is small so that Og = Ogo+Am V2,
where Qg is the phase shift of the grating in the absence of any frequency shift, and < is the
response time of the phase-conjugate mirror. Third, we assume the phase-conjugate mirvors are
identical, or the same, so that ¢, - ¢, = Qga * Ogb = Aw T. Substituting into Eq. 1 we obtain the

{requency splitting of the zeroth order counterpropagating modes,

Aw =9,/ (T + LK) (3)

3. 8. Kwoqg. A. Yariv, M. Cronin-Golomb, and B. Fischer, J. Opt. Soc. Am. A 3, 157 (1986);
L. McMichael and P. Yeh, Opt. Lete 12, 48 (1987).

168
C11264DD/ejw




‘l Rockwell International
Scisnee ffjenter
LINEAR POSITION SENSOR

The effect of motion is to produce a nonreciprocal phase shift for light raveling in the
resonator. Consider the case when the resonator is moving with velocity v in the direction from
PCM a to PCM b. For light traveling in the direction of motion, the apparent cavity length is
increased by an amount vL/c, so that the phase of the light is increased by an amount 2rvL/cA.
The phase of the light traveling against the direction of motion is decreased by the same amount, 50
that the net effect of motion is to introduce a noareciprocal phase shift ¢, = 2nvL/cA. Substtuting

into Eq. 3 we obtain,
Aw= 2r (v/2)/[1+ T (L) (4)

This frequency splitting can be measured by beating the two outputs from the resonator. If the
response time of the phase conjugate mirvors is much faster than the time it takes for light to gravel

across the resonator, then the beat frequency f is simply given by,
f= v/ (S)

For a wavelength of 1 pm, a beat frequency of 1 Hz is‘ obtained with a velocity of approximately
0.1 pnvs.

The theory of the lincar position sensor assumes that motion has no other effect than to add
a nonreciprocal phase shift for light raveling in the resonator. This requires that the
phase-conjugate mirrors be pumped by separate frequency sabilized sousces. To understand this,
consider what would happen if both phase-conjugate mirrors are pumped by a source located at
PCM a. In this case the light traveling from the source at a that provides pumping at b will also
experience the same phase shift due to motion as the light in the resonator. The net effect will be
that the phase-conjugate reflection will have a term ¢,,/2 instead of - ¢,,/2, so that the rounduip
Phase change due to modon will be 0 instead of ¢y,.
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PHASE-CONJUGATE OSCILLATOR GYROS

Consider the phase-conjugate ring resonator shown at the right. If the resonator is rotating
clockwise with an angular velocity €2, then light traveling in the resonator experiences a
non-reciprocal phase shift due to the Sagnac effect of ¢y, = ARACYcA radians, where A is the area
enclosed by the resonator. Since this oscillator uses a single four-wave mixing medium for both
phase-conjugate mirrors, the conditions for Eq. 3 are met automatically. Substituting into Eq. 3

we obtain,
Aw= (4RAQPL)Y/ (1 +<(cP)) (6)

where P is the perimeter of the resonator. By combining the two outputs from the ring resonator
onc can measure 3 beat frequency f = Aw2r, that is proportional to the angular velocity Q. 1f the
response time of the phase conjugate mirtars is much faster than the time it takes for light to travel

around the resonator, then the beat frequency is simply given by,
f= SAQPA Q)

This is the beat frequency ob.ained in ring laser gyros. However, since there is no gain
competition between countespropagating waves in the phase-conjugate resonator (the
counterpropagating waves in fact support each other in the phase-conjugate resonator) the phase
conjugate gyros can use homogeneously broadened solid state media. In addition, improved
lock-in characteristics have been predicied?,

4. J. Diels and I. McMichsel, Opt. Leu. 6, 219 (1981); M. Tehsani, Proc. SPIE 412, 186
(1983); P. Yeh, J. Tracy, and M. Khoshnevisan, Proc. SPE 412, 240 (1983).
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DEMONSTRATION OF A DOUBLE PHASE-CONJUGATE RING OSCILLATOR
AND THE SENSING OF NONRECIPROCAL PHASE SHIFTS

The experimental setup of our double phase-conjugate ring oscillator is shown at the right. Light
from an argon laser is incident on a BaTiOy crystal to form a self-pumped "cat” conjugator. The
ring resonator is then fonned by mirrors M1-M3 and the crystal. Greater than unity
phase-conjugate weflectivity via four-wave mixing in the crystal (the incident light from the laser
and its conjugate reflection provide the countespropagating pump waves) is the gain source for the
bidirectional oscillations. The outputs from M1 were combined and beat on detector D. As
predicted by Eq. 3, in the absence of any nonreciprocal phase shift, the frequencies of the
bidirectional oscillations are very nearly degenerate, and we measured a beat frequency -~ 103 Ha,
When a Faruday cell was placed in the oscillator to produce a nonseciprocal phase shift, the
bidirectional oscillations became nowdegenerate, and we micaswred a beat frequency - 0.2 Hz. The
qualitative dependence of the fringe motion at detector D on the magnitude and direction of the
magnetic field applied to the Faraday cell agrees with the tieary. Quantitative measurements e in

progsess.
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SUMMARY

Unlike the case in conventional Jasers, the frequencies of the counterpropagating
oscillations in doubic phase conjugate oscillators are nondegencrate, and their frequency splitting is
lincarly proportional to the nonreciprocal phase shift in the resonator. Since motion produces
noareciprocal phase shifts, these oscillators can be used for inertial sensing of linear and rotational
motion. Finally, we constructed a double phase-conjugate ring oscillator and have demonstrated

its ability to the sense nonreciprocal phase shifts.

This rescarch was pastially supported by the ULS. Air Farce Office of Scicatific Rescarch
under contract F49620-88-C-0023,
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